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ABSTRACT 
 
 
THE INFLUENCE OF HEEL HEIGHT ON SAGITTAL PLANE KNEE  
 
KINEMATICS DURING LANDING TASKS IN RECREATIONALLY 
 
ACTIVE COLLEGIATE FEMALES 
 
 
 
 
 
 
By 
 
Kelly M. Lindenberg 
 
December 2009 
 
 
 
Dissertation Supervised by Christopher R. Carcia, PhD, PT, SCS 
 
 The purpose of this study was to determine if varying heel lift heights added to 
athletic shoe wear would alter sagittal plane knee kinematics when landing from jumping 
maneuvers.  The hypothesis was that increased heel height would increase knee flexion at 
initial contact (KAIC), increase the peak knee flexion angle (KAPeak), and slow the rate of 
knee excursion (RKE).  Fifty recreationally active, college-age females participated.  
Subjects performed two single-limb landing tasks: a forward hop and a jump-landing 
maneuver.  Each participant performed five repetitions of each jump while wearing three 
different heel lifts placed on the under-side of a standardized athletic shoe: 0mm, 12mm, 
or 24mm lift heights.  Dependent measures were KAIC, KAPeak, and RKE.  Knee angle 
was measured using an electrogoniometer synchronized with a floor-mounted force plate.  
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Raw data were acquired and filtered with a software acquisition and analysis system.  
Separate repeated measures ANOVAs were utilized to determine the influence of heel 
height on the dependent measures.  Post hoc paired t-tests were performed when 
appropriate.  All differences were considered to be statistically significant if p<0.05; 
p<0.017 with Bonferroni correction. 
Forward hop task: Significant main effects were found for KAIC (p<.001), KAPeak 
(p=.014), and RKE (p=.019).  KAIC increased from the 0mm lift condition to the 24mm 
lift(p<.001), but not the 12mm lift (p=.423).  An increase was also noted between the 
12mm and 24mm lift conditions (p=.003).  KAPeak increased from the 0mm lift condition 
to the 24mm lift (p=.004), but not to the 12mm lift (p=.282). The RKE did not change 
from the 0mm to the 12 or 24mm lift conditions (p=.351 and p=.086, respectively).  
However, there was a significant increase from the 12mm to the 24mm lift (p=.004).  
Jump-landing task: The data demonstrated no significant changes in KAIC (p=.531), 
KAPeak (p=.741), or the RKE (p=.190) from 0mm to either the 12mm or 24mm heel lift 
conditions.  The addition of a 24 mm heel lift to an athletic shoe significantly alters KAIC, 
KAPeak, and RKE as compared to baseline measures when performing a forward hop 
maneuver.  However, a 12 mm lift did not alter these sagittal plane knee kinematics.  
There is no change noted from baseline when performing a jump landing maneuver with 
either a 12mm or 24mm lift. 
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Chapter 1 
 
 
Introduction 
 
 
1.1 Background 
 It is well established in the literature that anterior cruciate ligament (ACL) injuries 
occur more frequently in female compared to male athletes.1-14 However, extensive 
research into the basis of this gender disparity continues to be inconclusive.  Although 
many theories have been proposed,15 no evidence exists to overwhelmingly support any 
single cause for the female’s propensity towards ACL injury.  Furthermore, researchers 
have struggled to establish a means to limit or prevent these injuries. 
 Suggested risk factors for ACL injury that are associated with the female athlete 
have included environmental, anatomical, hormonal, and biomechanical characteristics.15 
Some of the most compelling evidence in current research has focused on the 
biomechanics utilized by female athletes during sporting maneuvers.  One primary 
example involves the sagittal plane kinematics of the female knee during jumping and 
landing activities.  Videotape analysis of ACL injuries in both males and females has 
demonstrated that a common characteristic in these injuries is landing from a jump with a 
knee posture closer to full extension.16,17,18 Researchers have demonstrated that females 
repeatedly utilize this extended knee posture in a variety of sports maneuvers.19,20,21,22,23 
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The ramifications of more extended knee postures include decreased hamstring 
activity20,24,25,26 resulting in excessive quadriceps femoris muscle group loading20, 
increased tibial anterior translation,25,26,27,28 and increased ground reaction forces (ie. 
landing forces).21,29 Furthermore, less total knee joint excursion occurs throughout the 
maneuver resulting in a shorter time period for the application of the loads at the 
joint.30,31  Each of these imbalances has been shown in current research to be associated 
with risk factors for ACL strains or tears.5,28,32,33,34 
 ACL injury prevention programs performed in a laboratory setting addressing 
sagittal plane knee kinematics have been shown to successfully alter risk factors 
associated with the injury including muscle torque imbalances, high ground reaction 
forces and rate of force development.21,35,36 Furthermore, field studies have demonstrated 
a decrease in overall injury rates among teams incorporating these strategies.37  For 
example, female athletes were instructed in “proper landing techniques” including 
landing with a more flexed knee followed by plyometric training activities involving 
these landing techniques.  Following the six-week training period the female subjects 
demonstrated corrections in previously existing strength imbalances between the 
hamstring and quadriceps femoris muscles and diminished landing forces.21 When injury 
rates were tracked over the course of one season following this same training program the 
researchers found that ACL injury rates were 3.6 times higher (p≤0.05) in untrained 
females compared to the trained females.37   
Attempts at directly altering the sagittal plane kinematics of the female athlete 
have met with moderate success.  Training strategies employing plyometric techniques 
have shown increased knee flexion angles at initial contact, increased peak knee 
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flexion,38,39,40 and increased time to achieve peak flexion angle during jump-landing 
activities.38 However, many of the programs that have been successful in altering knee 
biomechanics require a large time investment of 90-minutes or more.21,36,37,40 Others 
require greater than six-weeks of consistent training.35,36,38,40 This time commitment 
could have negative effects on compliance, which has been demonstrated to be a 
substantial factor in the overall success of a program.41 
It seems reasonable to suggest that a prevention strategy that requires minimal 
time and effort yet can still favorably alter knee biomechanics would be a substantial 
benefit to female athletes.  One suggestion is the addition of a small heel lift to an 
athlete’s shoe.  Evidence exists that increased heel height alters the lower extremity 
biomechanics, including sagittal plane knee postures.  Both static and dynamic postural 
analyses have demonstrated increased knee flexion angles with increased heel 
height.42,43,44,45,46 If this trend continues when heel height is investigated in association 
with sports maneuvers, such as jump-landing, it may have significant ramifications for 
ACL prevention strategies.   
 
1.2 Operational Definitions 
Dominant lower extremity – The lower extremity one lands on two out of three times 
when jumping from a 20 cm high platform onto one lower extremity. 
 
Initial Contact – The time point when the subject lands on the force plate and the vertical 
load visibly exceeds the baseline load. 
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Rate of Excursion – The change in the knee joint angle (KA - degrees) between initial 
contact (KAIC) and maximum knee flexion (KAmax) divided by the time elapsed during 
this period (milliseconds). 
 
Recreationally Active – Individual who participates in an average of four to five hours of 
aerobic and/or anaerobic activity in one week’s time. 
 
Total Joint Excursion – The change in knee angle (degrees) from initial contact to 
maximum knee flexion. 
 
1.3 Limitations and Assumptions 
1. Increasing the heel height of athletic shoe wear is safe and does not increase the 
risk of injury during landing maneuvers. 
2. Any observed differences in dependent measures of female participants were a 
result of alterations in the heel height and not other factors.  
3. Alteration in muscle activity was unknown. 
4. Dependent measures were limited to sagittal plane motions only. 
5. We were unable to determine long-term ramifications of using a heel lift. 
 
1.4 Delimitations 
1. Fifty female participants were recruited from the university community. 
2. Participants were at a minimum recreationally active. 
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3. Participants demonstrated an ability to complete both landing tasks without 
restriction prior to data collection.  Individuals who could not do so were excused 
from study participation. 
4. Participants had no history of knee surgery or recent lower extremity injuries. 
5. Participants who regularly use shoe orthotics were excluded from this study. 
6. A pilot study was conducted to test and verify procedures. 
7. Thirty second rests between landing activities and 5 minute rests between heel 
height changes minimized the influence of fatigue on the subject’s performance. 
8. Subjects were not told which shoe lift was being utilized in an attempt to 
minimize the influence of bias. 
9. The order of the application of the heel lift was randomized. 
10. The order of completion of the jumping tasks was counterbalanced. 
 
1.5 Problem Statement 
 The purpose of this study was to examine the effect of heel height on knee flexion 
angles at initial contact, total knee joint excursion and the rate of excursion following two 
different tasks: a drop-landing and a forward hop.   
 
1.6 Independent Variables 
The present study utilized one independent variable: 
1. Heel lift height with three levels: 0mm, 12 mm, 24 mm 
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1.7 Dependent Variables 
The present study investigated three dependent variables: 
1. Knee flexion at initial contact 
2. Total knee joint excursion 
3. Rate of excursion 
 
1.8 Hypotheses 
1. Heel height has a statistically significant effect on sagittal plane knee kinematics 
during a drop-landing task. 
1a. Increased heel height will result in an increased knee flexion angle at initial 
contact 
1b. Increased heel height will result in an increased total sagittal plane knee joint 
excursion. 
 1c. Increased heel height will result in a slower rate of excursion 
2. Heel height has a statistically significant effect on sagittal plane knee kinematics 
during a forward hop task. 
2a. Increased heel height will result in an increased knee flexion angle at initial 
contact. 
2b. Increased heel height will result in an increased total sagittal plane knee 
excursion. 
2c. Increased heel height will result in a slower rate of excursion. 
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Chapter 2 
 
 
Review of Literature 
 
 
2.1 Introduction 
Knee injuries are very common in female athletes and account for up to 91% of 
all season ending injuries at the high school level.3  According to the National Collegiate 
Athletic Association (NCAA), this high incidence of knee trauma exists at the collegiate 
level as well, where one in ten female athletes sustained knee injuries during game or 
practice situations.47  Even more intriguing is that female athletes have a five times 
greater incidence of knee injury when compared to their male counterparts.3   
 Anterior cruciate ligament (ACL) injuries are among the most common knee 
injuries, with 100,000 tears occurring per year in the United States.10,16  Seventy percent 
of all reported ACL injuries were associated with participation in sports.48  Ramifications 
of such an injury include the potential to miss an entire season or more of sports, loss of 
scholarship funding, suffering psychologically and academically, or experiencing 
posttraumatic arthritis in the injured knee later in life.49,50,51,52,53,54  The average annual 
cost of medical treatment for ACL tears, including surgical reconstruction, is nearly one 
billion dollars.15  
The cost and detrimental effects associated with ACL injuries has prompted a 
great deal of research in recent years.  The goal is to understand the common mechanisms 
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of injury and potential risk factors for athletes, females in particular.  This knowledge 
will assist in developing strategies to minimize or prevent the occurrence of ACL injuries 
in sports.  The following literature review is a comprehensive analysis of the current 
findings in ACL research specifically related to risk factors for injury and current 
intervention/prevention strategies.   
 
2.2 Anatomy & Functional Characteristics of the ACL 
 The Anterior Cruciate Ligament (ACL)(figure 2.1) is a support structure in the 
knee attaching proximally to the postero-medial aspect of the lateral femoral condyle and 
distally to the anterior ridge of the tibial plateau.55,56  Research has established that the 
ligament is comprised of two separate bundles: a posterolateral bundle (PLB) and an 
anteromedial bundle (AMB). Both have similar attachments on the femur but insert at 
different locations on the tibia.55,57,58  The PLB has a more distal origin on the femur and 
inserts just lateral and slightly posterior to the intercondylar eminence of the tibia. The 
anterior-medial bundle (AMB) originates more proximally on the femur and anchors to 
the anterior ridge of the tibial plateau on the medial aspect of the intercondylar 
eminence.55,57,58,59  A third bundle, an intermediate bundle (IB), has been identified by 
some investigators.60,61 The IB, which is not as well defined compared to the PLB or 
AMB, attaches to the tibia between the PLB and AMB.60,61 (figure 2.2)  
Histologically, the ACL is classified as dense regular connective tissue.62  The 
organization of non-parallel fascicles comprised of collagen fibrils and elastic fibers63,64 
gives this tissue the ability to resist strong tensile forces while permitting stretch and  
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Figure 2.1.  Cruciate ligaments of the knee69 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. AMB and PLB of ACL (medial view)78   Different attachments and change of 
orientation and tension of the anteromedial (arrow) and posterolateral (interrupted arrow) 
bundles at 0º (A) and 90º of flexion (B).  
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recoil along its length in response to these stresses.59,65,66,67  The average total length of 
the ACL when the knee is extended is 32 millimeters and width is seven to twelve 
millimeters.56,58,60,68  
The PLB is the most lateral and also the largest of the bundles comprising the 
ACL.59  Due to the bony attachments and orientation of fibers it becomes most taut in full 
knee extension, thus restricting the extremes of motion in this range.55,70,71  It is also 
responsible for resisting translatory motion at the knee.  At knee flexion angles less than 
30º the PLB has been found to accept a higher percentage of total load compared to other 
passive restraint when anterior directed forces are applied to the tibia.72,73,74,75  The AMB 
is the most medial and smallest of the bundles.59 It becomes taut as the knee flexes, 
resisting extreme motion into knee flexion.55,59,71,76,77 It is also the primary restraint to 
anterior tibial translation on the femur beyond 90º knee flexion.60,73  While the PLB 
slackens as the knee is flexed,76,77,78 the AMB maintains some tension as the knee is 
extended.78  The IB also becomes taut in extension; however, researchers believe that its 
main role is to resist anterior tibial translation.60,61   
 Looking at the ACL as a whole, the primary function is to resist anterior tibial 
translation throughout the range of knee motion.79,81  It has been estimated that the ACL 
is responsible for 75% of the total resistance to anterior forces at the knee at full 
extension and provides 85% of the resistance at 30º and 90º  knee flexion.55,82,83  There is 
some controversy over the secondary functions of the ACL.  Many have found that the 
ACL acts as a restraint to tibial internal rotation.72,84,85,86,87  Less have demonstrated a role 
in the resistance of varus and valgus moments at the knee,76,83,88 or in resisting external 
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tibial rotation.55  Other research has contradicted these findings and demonstrated no 
response in the ACL to frontal plane or rotational loading.72,84,89 
 
2.2.1 Response to loading – the load-deformation curve 
 Initially, a small load is required to elongate the ACL. This is 
demonstrated by a relatively flat ‘‘toe’’ region of the load-deformation curve (figure 2.3). 
Stiffness, defined as the slope of this curve, is low.  The ‘‘crimp’’ and ‘‘recruitment’’ 
pattern theory of the ACL explains this occurrence.  During tensile stretch, collagen fibril 
‘‘crimp’’ (or undulations) is first straightened out by low loads, after which larger loads 
are required to elongate these fibrils.  An increasing number of fibrils become load 
bearing as larger forces are applied (“recruitment”) and a gradual increase in tissue 
stiffness is noted. As “recruitment” continues, significantly larger loads are required for 
tissue elongation. When all the collagen fibers are straightened, the curve becomes linear.  
This region characterizes the elastic deformation of the ligament where the elastin 
component of the tissue will permit recoil back to the original length when loads are 
ceased.  If loading continues past the elastic limits of the tissue, there is a sudden loss in 
the ability of the ligament to transmit load and permanent changes occur within the 
cellular construct of the ligament. This plastic deformation occurs until ultimate (failure) 
load is reached. At this point a sudden drop in load is noted on the curve, representing 
total failure of the ligament.  The area under the load-deformation curve represents the 
amount of energy absorbed by the ligament during loading.79 
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Figure 2.3. Load-deformation curve of ACL78 
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2.3 Epidemiology 
ACL injuries are significantly more prevalent in female versus male athletes.  
This injury has been shown to occur four to six times more frequently in female 
basketball players1,2,6,8,9,10,14 and at least twice as often in female soccer players.1,2,8,10,11,14  
Other researchers have found a similar discrepancy in the injury rates between genders 
for other sports and military activity.3,4,5,7,9,12,13,80  
Despite these dramatic differences in rates of ACL damage, the basic mechanism 
of injury has proven to be quite similar between genders.  Non-contact incidences during 
sport activities are the most common method of ACL strain or tear in both male and 
female athletes.1,18,90   In a study where 89 athletes were interviewed regarding their ACL 
injuries, 72% of the participants did not contact another player when they were hurt.16 
Other research has supported this statistic.18,53,91,92  Video analysis of ACL injuries has 
shown that the injuries occur during deceleration activities including landing from a jump 
or attempting to change direction.  The damage to the ACL occurs at foot strike, usually 
with the knee close to extension, often followed by a valgus collapse of the knee, hip 
adduction and internal rotation, and external or internal rotation of the tibia.16,17,18,93   
Understanding the position of the knee during non-contact sports injuries becomes 
especially significant when the biomechanics of such activities are examined more 
closely.  A study by Colby et al20 investigated the electromyographic (EMG) and 
kinematic results of lower extremity mechanics during cutting maneuvers.  They found 
that at foot strike the knee was positioned at 22˚ flexion.  At that time there is a 
significant muscular imbalance between the quadriceps and hamstring muscle groups.  
Just before heel strike the quadriceps femoris are active at an EMG level at 161% of the 
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baseline tested maximum voluntary isometric contraction (MVIC).  The hamstring level 
of activity is only at 14% MVIC during and immediately after foot strike.20   Unopposed 
quadriceps femoris contractions have been shown to elicit a significantly greater anterior 
tibial translation in cadaveric simulations than when adequate hamstring forces are added 
to act as an antagonist to the motion.27  The ACL is responsible for 85% of the resistance 
to anterior tibial translation when the knee is at 30˚ flexion.86,94 When translational forces 
are great enough, they create a significant strain on the ACL28,32 that could surpass the 
tensile strength of the ligament.34,95  One study demonstrated an eccentric quadriceps 
femoris load on the anterior tibia of 5000N during a landing maneuver with the knee at 
less than 30˚ flexion.96  The hamstrings, acting as agonists to the ACL have been shown 
to generate greater forces, decreasing tibial translation25,34,97 and improving the load to 
failure rate of the ACL by 40%.28,34,94  However, the role of the hamstring muscles in 
opposing anterior knee forces is not as significant at knee angles close to extension.24,25,26  
Therefore, the hamstrings will not be an effective ACL synergist during sports maneuvers 
where the knee is near 22˚ flexion as demonstrated by Colby et al.20  
Further investigation into the ramifications of sagittal plane knee joint position 
reveals a significant impact on the absorption of forces in the lower extremities.  Impulse 
is defined as the magnitude of the force imparted on a structure multiplied by the time of 
total force application.  In the example of a jump-landing maneuver, greater impulse is 
achieved when the joint excursion is maximized, thus lengthening the total time of force 
application.  When an athlete performs the landing with a more extended knee joint 
excursion is decreased, which in turn shortens the time of force application.  This results 
in a lower impulse and increases the effects of ground reaction forces in the 
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extremity.30,31  High ground impact forces have been shown to be a risk factor for ACL 
injury.5 
Transverse and frontal plane characteristics must also be considered when 
analyzing the mechanism of injury during an ACL tear.  Ireland17 described a “position of 
no return” for non-contact ACL injuries, which she derived from video analysis (figures 
2.4 & 2.5).  She found that ACL injury occurred when an athlete landed from a jump in a 
very erect posture with insufficient muscle control at the pelvis and hip due to lack of 
mechanical advantage in the hip abductor and extensor muscles.  This resulted in 
adduction and internal rotation at this hip joint, which contributed to both a valgus 
moment at the knee and tibiofemoral torsion. 
Additionally, muscular imbalance in medial to lateral thigh musculature 
recruitment has been demonstrated that further increase the valgus tendency at the 
knee.98,99 Hewett et al33 stated that high valgus loads at the knee were predictive of ACL 
injuries.  Other research has demonstrated increased strain on the ACL with increased 
valgus loading.88,100  This valgus positioning of the knee has been linked closely with 
tibiofemoral torsion.  Three-dimensional analysis of side-stepping maneuvers has shown 
that the greatest valgus loading of the knee occurs in conjunction with internal hip 
rotation during weight-bearing causing the femur to internally rotate on a fixed tibia.101  
Further rotational motion at the knee has been associated with foot pronation during 
weight acceptance eliciting internal tibial rotation during sports maneuvers.102,103 Rotary 
motion at the tibiofemoral joint has been shown to increase tension on the ACL over the  
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Figure 2.4. “Position of no return”17 
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Figure 2.5. Video analysis of ACL injury17 
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 lateral femoral condyle with external tibial rotation or the posterior cruciate ligament 
with internal tibial rotation.102,104   
In summary, the most common mechanism of ACL injury in all athletes involves 
non-contact activities requiring deceleration and change in direction.  At foot strike the 
at-risk limb is typically closer to knee extension, which promotes muscle imbalance, 
increased ground reaction forces and increased strain in the ACL.  Sagittal, frontal and 
transverse plane knee positions are very important considerations when analyzing 
possible risk factors to athletic ACL injuries.  However, despite the similarities in 
mechanism of injury, females continue to experience a significantly higher rate of ACL 
injury than males.  What are the specific risk factors that predispose female athletes to 
this injury? 
 
2.4 Risk Factors 
 In 1999, the National Institute of Health, National Athletic Trainers Association, 
and the American Orthopedic Society of Sports Medicine participated in a conference 
with the expressed purpose of investigating non-contact ACL injuries.15  A team of 
researchers discussed the current findings in ACL studies and organized an extensive list 
of possible risk factors for female athletes. The predominating ACL risk factors were 
organized into four main categories: environmental, anatomical, hormonal, and 
biomechanical.15 
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2.4.1 Environmental 
 Environmental risk factors included any external influences on the athlete.  Very 
limited research is available on this category related to ACL injuries.  Shoe wear, playing 
surface, and position on the team are the most widely documented topics. 
 
2.4.1.1 Shoe wear 
 Only one study was identified that looked at shoe wear in relation to ACL 
injuries.  This study investigated different cleat designs worn by high school football 
players.  The findings demonstrated a significantly higher rate of ACL injuries when the 
cleats provided a higher torsional resistance.105  This torsional resistance essentially 
increases the friction between the shoe and the playing surface, which can increase the 
torque at the joints of the lower extremity.  No studies identifying gross-gender 
differences or investigating similar patterns in female athletes were found. 
 
2.4.1.2 Playing Surface 
 A few studies have investigated different playing surfaces and the associated risk 
for ACL injuries.  A significantly greater number of ACL injuries was found among 
National Football League players on Astroturf compared to natural grass.106  A follow-up 
study looking more specifically at non-contact ACL injury rates demonstrated that while 
a greater number of these injuries occurred on Astroturf during practice situations, more 
non-contact ACL injuries were found on natural grass during real game conditions.107  
Other studies have found that the type of grass can increase the risk of ACL injury.  
Orchard et al108 found that rye grass was associated with less injuries compared to 
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bermuda grass in the Australian Football League.  Differences in injury rate have been 
established on non-grass surfaces as well.  An increased number of ACL injuries was 
found to occur during participation in an obstacle course with rubber matting, while an 
elimination of the injury was seen when the matting was removed.108  A study of handball 
players uncovered a significantly higher risk of ACL injury in female athletes only on 
high friction courts.110 Other research has found less significant effects of playing 
surface.  Investigation into different handball court surfaces (parquet, pulsatile, and other 
synthetic surfaces) found that there was no significant difference in rates of ACL injuries 
among Norwegian handball teams.111  Similar results were found in a controlled 
laboratory study of different shoe types on Astroturf versus natural grass.  A custom built 
device provided a constant axial load while researchers examined deceleration and 
rotational loads at the knee.  No significant differences were noted between the two 
surface types.112 
 
2.4.1.3 Weather Conditions 
 Dryer surface conditions have been linked to an increase in ACL injury in 
Australian football players.  Orchard et al.108,113,114 described these dry periods as being 
associated with high water evaporation rates and less rainfall.  The hypothesis is that 
dryer conditions will increase the friction between the athlete’s shoe and the playing 
surface.  As a result, more torque will be transferred through the lower extremity and 
increase the strain at the knee. 
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2.4.1.4 Position on the team 
 A study investigating the incidence of ACL injuries among elite female soccer 
players found a significantly higher rate of injury in defenders and strikers compared to 
goalkeepers and midfielders.115  Intuitively, positions requiring an athlete to perform 
deceleration and direction changing maneuvers at a higher rate may place that individual 
at a higher risk for ACL injury, no matter their gender.  However, no cross-gender 
comparison was done to see if this trend also exists in the male population.   
 
2.4.1.5 Summary 
 It appears that environmental risk factors may play a role in the incidence of ACL 
injuries among athletes.  Conditions that create higher levels of friction between an 
athlete’s shoes and the playing surface equate to a higher risk of injury.  However, 
environmental factors based on the available evidence do not appear to explain the higher 
rate of injury in female athletes. In paired sporting activities where both male and female 
athletes use the same fields or courts, or when the athletes are on the same team the 
incidence in female ACL injuries continues to be significantly higher than their male 
counterparts.7 
 
2.4.2 Anatomical 
 Obvious variations in anatomy exist between males and females.  To what extent 
these disparities play a role in the dramatic difference in rates of ACL injuries between 
the genders is not fully known.  Some topics of interest among ACL researchers include 
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intercondylar notch width, quadriceps angle, foot pronation, and ligamentous properties 
such as laxity. 
 
2.4.2.1 Intercondylar notch width (figure 2.6) 
 There is little consistency in the literature with regards to the association of 
intercondylar notch width and ACL injuries.  Results of these studies are often 
controversial due to the lack of an accurate method of measuring the notch dimensions.116  
Many researchers have reported a link between a smaller intercondylar notch and ACL 
tears.113,118,119  However, an equal number of authors have contested this concept.115,118,119  
Additional conflict exists as to whether there is a difference in the notch size between the 
genders.  Shelbourne et al.118 and Souryal et al.119 have reported females to have a smaller 
intercondylar notch compared with males.  Many other studies have found no significant 
difference in notch sizes.116,117,122,123 
 Another opinion related to intercondylar notch size states that smaller notches are 
associated with smaller ACL’s in terms of cross-sectional area and volume.124,125,126  The 
ramification of a smaller ligament is a tendency toward easier damage.124  One study used 
MRI images to compare the volume of the intercondylar notch to the volume of the ACL.  
The study found that a direct relationship existed with smaller notch volume correlating 
to smaller ACL volume.124  Dienst et al125 also found a similar correlation between 
intercondylar notch cross-sectional area and ACL cross-sectional area.  Other research 
has agreed that females have smaller ACL’s; however, they have found this difference to 
be more correlated to height and weight and not with intercondylar notch size.122,127  No 
studies have directly linked a smaller ACL with an increased rate of damage.   
 23
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Intercondylar Notch Width69
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 2.4.2.2 Quadriceps Angle (figure 2.7) 
 The quadriceps angle (Q-angle) is considered to be the lateral resultant force 
application of the quadriceps femoris muscle group on the patella.128  It is the measure of 
the angle formed between two imaginary lines drawn from the anterior superior iliac 
spine (ASIS) to the center of the patella and from the tibial tuberosity to the same point 
on the patella.129,130  Horton et al129 found the mean Q-angle for women to be 15.8 ±4.5º 
and for men was 11.2 ±3.0º.  It has been proposed by some researchers that an increased 
Q-angle could be a risk factor in ACL injuries.131,132  Moul et al.132 was able to 
demonstrate that a significant difference in Q-angle does exist between male and female 
basketball players.  However, when static postural characteristics of athletes who had 
injured their ACL’s were retrospectively compared to uninjured athletes, Q-angle was not 
found to be a discerning factor.131  No other studies have found a definitive like between 
Q-angle and risk for ACL tear.  
 
2.4.2.3 Foot pronation 
 Conflicting evidence exists related to the amount of foot pronation and ACL 
injuries.  Excessive foot pronation has been linked with an increased medial torsion of the 
lower extremity.133  Furthermore, it has been shown that medial tibial torsion on the 
femur places increased strain on the ACL.86  Researchers have thus proposed that 
increased subtalar joint pronation may be a risk factor in ACL injuries.134  A number of 
studies have compared the navicular drop (a static composite measure of foot pronation) 
measures of individuals who had sustained ACL injuries to those of healthy subjects.   
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Figure 2.7. Quadriceps Angle69 
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The results showed that the ACL injured group had greater navicular drop scores 
(correlating to more pronation) compared to the non-injured group.102,131,135  However, a 
similar study by Smith et al.136 measuring navicular drop scores in healthy and ACL 
injured individuals found that navicular drop was not significantly different between 
groups. Furthermore, a regression analysis did not identify navicular drops as a predictor 
of ACL injury.   A number of studies concur with these findings.8  No studies have 
identified a difference in foot pronation measures across genders.137 
 As mentioned earlier, impact forces during landing or high ground reaction forces 
have been shown to be a possible risk factor associated with ACL injuries.5  
Hyperpronation of the foot has been suspected as a contributing influence in increasing 
such forces.  However, in a study by Hargrave et al138 an increased or decreased navicular 
drop was not found to have a significant influence on peak landing forces or rate of 
loading during single limb landing from a platform 0.3 meters high.  The authors 
concluded that static foot position had little influence on the absorption of forces during 
landing.  This study further diminishes the likelihood that navicular drop plays a key role 
in female athletes’ propensity toward ACL injury. 
 
2.4.2.4 Ligamentous Properties 
 Some researchers have found that differences exist in the female versus male 
ACL related to laxity and the ability to resist tensile forces.  Rozzi et al99 reported that 
female basketball and soccer players naturally exhibited a greater amount of anterior 
tibial translation than male peers.  Since the ACL is responsible for a majority of the 
knee’s resistance to anterior translational forces,86,94 it seems plausible that increased 
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laxity in the ACL would coincide with increased anterior tibial translation.  However, 
direct testing of anterior knee translation performed using standardized equipment such 
as the KT-1000 has demonstrated mixed findings of the differences in laxity between the 
genders.  Some researchers have identified a significant increased laxity of the 
knee,99,139,140 while others have refuted this idea.141  The actual role that ligamentous 
laxity plays in sports injury has equally variable and uncertain conclusions.142-148 
Mechanical properties of the ACL were explored more specifically in a study by 
Chandrashekar et al.149  Human cadaveric samples of ACL’s from both males and 
females were examined in order to understand the tensile load required to rupture the 
tissue.  The researchers found that the female ACL had an 8.3% lower strain at failure, 
14.3% lower stress at failure, 9.43% lower strain energy density at failure, 22.49% lower 
modulus of elasticity.  These results suggest that the female ACL offers less resistance 
and fails at a much lower load compared to the male ACL. The authors concluded that 
the female ACL has significantly weaker mechanical properties.  The authors stressed; 
however, that the applicability of their findings to younger athletes may be limited due to 
the age of the cadaveric samples being an average of 35 years old and having no 
information of the activity level of the individual immediately before their death.149  The 
study results do support the need to further investigate the material and mechanical 
properties of the ACL within the different genders. 
 
2.4.2.5 Summary 
 The hypothesized risk factors associated with anatomical differences between the 
sexes have not been fully supported by the literature.  Major inconsistencies in the 
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findings among the studies make it difficult to accept anatomical disparities as a key 
influence in non-contact ACL injuries.  Further research is needed to resolve these 
contradictions and to establish if variations in material properties of the ligament 
contribute to the high rate of ACL tears in female athletes. 
 
2.4.3 Hormonal  
 A great deal of research has focused on investigating the influence of the female 
sex hormones on connective tissue structures of the human body.150,151,152  These 
hormones, including estrogen and progesterone, cycle through varying concentration 
levels in the female system essentially controlling the cycles of menstruation.  An influx 
of estrogen is associated with the proliferative phase of the uterine cycle (or mid to late 
follicular phase in the ovarian cycle) where the cells of the endometrium proliferate and 
there is a rapid growth of ovarian follicles in preparation for ovulation.  Following 
ovulation, progesterone concentration increases as estrogen levels begin to drop off, 
although estrogen concentration remains quite high for most of this phase.  This parallels 
the secretory phase of the uterine cycle (luteal phase of ovarian cycle), a time of 
endometrial thickening and glandular proliferation.  If no fertilization occurs, the end of 
the secretory phase is signaled by a withdrawal of both progesterone and estrogen, which 
induces diminishing blood and oxygen supply to the endometrium.  The result is the 
shedding of superficial tissue of the endometrium that occurs during the uterine menstrual 
phase (early follicular phase of the ovaries).153,154 
 The fluctuation of sex hormones throughout the female system has been well 
established.  However, the ramifications of this vacillation on non-reproductive structures 
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are not as certain.  Relevant to ligamentous tissue, researchers have speculated that 
estrogen concentration can alter the material and mechanical properties of collagen 
containing structures.  Histological studies have found that sex hormones, including 
estrogen, initiate the degradation of collagen.150,151  Furthermore, these hormones 
interrupt further synthesis of collagen fibers.150,151  The ACL is a tissue composed of a 
large amount of collagen.155  The presence of estrogen and progesterone receptor sites on 
the ACL has been confirmed through histological investigation.156  Other studies have 
found a decrease in the synthesis of collagen in the ACL with the introduction of 
estrogen.157-159  However, the ramifications of this occurrence have not been clearly 
defined. 
 
2.4.3.1 Estrogen and tensile strength 
 Slauterbeck et al152 tested ovariectomized rabbits assigned to two different 
intervention groups: an experimental group injected with estrogen for 30 days and a 
control group with no hormonal supplementation.  The study found that the ACL’s of the 
experimental group had a significantly reduced load to failure rate versus the control 
group.  These findings were supported by Komatsuda et al160 in a study where 
ovariectomized rabbits were introduced to four different levels of estrogen concentration: 
control, low, medium, and high.  When blood serum levels were analyzed for estrogen 
concentrations, a significant difference was found among all four groups.  The group that 
had the higher concentration of estrogen was found to have significantly lower ultimate 
tensile stress & linear stiffness than the other groups.  However, other studies contradict 
the conclusion that estrogen decreases the tensile strength of the ACL.  When the ACL’s 
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of ovariectomized and sham ovariectomized cynomolgus monkeys were compared two 
years after surgery researchers demonstrated that the group with low estrogen levels 
(ovariectomized group) had decreased bone mineral content & density (i.e. had evidence 
of effects of estrogen deficiency).  However, this group showed no difference in the 
structure of the ACL, its mechanical properties (failure load, stiffness & elongation to 
failure), or the material properties (ultimate stress, modulus, ultimate strain & energy to 
failure).161 
 
2.4.3.2 Estrogen and knee laxity 
 If estrogen does indeed have a profound effect on the mechanical and material 
properties of the ACL, then it stands to reason that differences in the ligament’s ability to 
resist loads would vary along with the estrogen levels.  A number of studies have found 
significant variations in rates of injury and ACL performance characteristics during 
different phases of the menstrual cycle.  However, these studies do not agree on which 
phase an increased risk of ACL injury exists.  Wojtys et al162 determined that a greater 
number of ACL injuries occurred around the time of ovulation, a period of higher 
estrogen levels, as compared to the luteal and early follicular phases.  Contradicting those 
findings, Mykelbust et al111 reported a significantly greater ACL injury rate during the 
luteal phase in one study.  In a second study they found the injury rate to be skewed more 
to the late luteal/menstrual phases (9/17 late luteal and 5/17 menstrual).163  Clearly, the 
evidence of a predictable hormonal event marking the increased risk of ACL injury has 
not been determined. 
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 Investigating changes in ligament laxity along the menstrual cycle has yielded 
conflicting information.  A number of studies found a significant increase in anterior 
tibial displacement when measured in the presence of increased estrogen levels.164-166  
However, when this same measure is taken at different phases of the menstrual cycle, no 
significant changes are noted among any of the three time periods.167,168,139,169  For 
example, one study used radiographic images and the KT-2000 (MEDmetric Corp, San 
Diego, CA) arthrometer to measure anterior tibial displacement in healthy females who 
were not using any form of oral contraceptive.  Blood work was used to define which 
phase of the menstrual cycle the subject was in at the time of measurement.  Each subject 
was measured at early follicular phase, around ovulation, and at mid-luteal phase.  The 
results found no significant differences in either form of measurement throughout the 
entire menstrual cycle.169   
 
2.4.3.3 Summary 
 Sex hormones such as estrogen clearly represent a unique characteristic in 
females compared to males.  Despite the evidence that estrogen can hinder collagen 
synthesis and possibly alter the mechanical and material properties of the ACL, it has not 
been clearly established that this hormone has negative implications as a risk factor for 
ACL damage.  More research is needed to eliminate the inconsistency in study findings 
related to this topic. 
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2.4.4 Biomechanical 
 The final category of risk factors for ACL tears in female athletes established by 
Griffin et al15 included biomechanical issues occurring during sporting maneuvers.  
Research in this area has addressed topics including muscular performance 
characteristics, joint stiffness, and neuromuscular control. 
 
2.4.4.1 Muscular Performance 
 As previously mentioned, excessive quadriceps femoris loading at the knee has 
been linked with increased anterior tibial displacement and strain on the ACL.27,28,32  The 
hamstring muscle group has been shown to be an antagonist to the quadriceps femoris 
loading at the knee, and thus, assists the ACL in reducing anterior translation of the tibia 
on the femur.,25,34,97  When co-contraction of the quadriceps and hamstring muscles was 
simulated in cadaveric knees, a significant reduction of the forces on the ACL was found 
at 15, 30, and 60˚ knee flexion.25  However, if there is an inequality in the latency or total 
force production achieved by these muscles, it is possible that ineffective protection of 
the ACL will result.   
 The time it takes for a muscle to generate its maximum torque capability, or peak 
torque, is a commonly studied characteristic of the hamstrings and quadriceps muscles 
related to ACL injuries.  Isokinetic testing of these muscle groups has demonstrated that 
females require a longer period of time to generate peak torque compared to males.170  
Furthermore, this study reported that female athletes recruit their hamstrings after their 
quadriceps, while other groups tested (male and female non-athletes, male athletes) 
demonstrated hamstring recruitment prior to the quadriceps.170  The slower achievement 
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of peak hamstring torque could result in aggressive quadriceps femoris loading and strain 
on the ACL without the agonist activity of the knee flexor group.  The ACL has been 
shown in cadaveric simulations to tear within 70 milliseconds of an impact force 
application.171  It has not been clearly established if the 11-millisecond delay in time to 
peak torque of the hamstrings shown in the above study170 would be enough to allow the 
quadriceps to significantly impact the ACL.  The relevance of this issue is further called 
into question by studies that contradict the findings that there is a significant time 
differential in the time to peak torque between the genders.99,1702,173 
 Differences in the level of peak torque achieved in the hamstrings and quadriceps 
during sporting maneuvers is a more widely supported topic related to ACL injury risk 
factors.  The two common measures used in research include the hamstring/quadriceps 
ratio (maximum voluntary concentric hamstring torque compared to maximum voluntary 
concentric quadriceps torque) and the comparison of the peak torques achieved during 
functional activities.  Electromyographic analysis of maximum voluntary contractions 
(MVC) of the hamstrings and quadriceps between genders has demonstrated that the 
hamstring/quadriceps ratio in females is significantly lower than the male 
population.21,174-176  This finding indicates that females could have an increased 
quadriceps torque, a lesser hamstring torque, or a combination of the two.  A decreased 
hamstring/quadriceps ratio has been cited as a possible risk factor for sports injuries.177   
When investigated in sports-simulated activities, this muscular imbalance trend 
continues.  As previously noted, Colby et al20 found the quadriceps to work at 161% of 
the measured MVIC while the hamstrings generated only 14% MVIC during maneuvers 
such as side-step cutting, jumping, and landing.  A separate study investigated muscle 
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activity during an unloaded squat in both male and female subjects and found a very low 
level of hamstring activity compared to the quadriceps muscles throughout the 
maneuver.178  While these results demonstrate that torque imbalances may exist, they do 
not define any gender specific disparities.   
A study by Chappell et al19 was able to show a difference in female and male 
torque values during a sports-simulated activity.  Subjects performed a vertical stop-jump 
task while EMG measures were taken for the hamstrings and quadriceps.  The results 
showed that female subjects used more quadriceps activity (%MVIC) throughout the 
entire maneuver compared to the males.  Furthermore, at landing, females used less 
hamstring torque while males increased their hamstring activity level.  These results 
suggest that females have a tendency towards quadriceps dominance while performing 
sports maneuvers, a characteristic not seen in the male test subjects.  A similar landing-
task study by Nagano et al179 further supported a lower hamstring to quadriceps torque 
ratio in female participants. 
It appears that muscle torque imbalances may contribute to the high risk of ACL 
injury in female athletes.  However, research has demonstrated that both male and female 
subjects display a tendency towards some level of quadriceps dominance during sports 
maneuvers.  It is unlikely that this characteristic alone predisposes females to a higher 
risk of ACL damage.   
 
2.4.4.2 Joint stiffness 
 Joint stiffness refers to both the passive and active restraints on a joint that limit 
the excursion that can occur between the adjoining bony structures.  Passive restraint of a 
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joint is related to the general laxity of the joint and was previously discussed in this 
literature review related to the knee.  Active restraint is a function of dynamic muscle 
control promoting stability during joint loading conditions.34,180  One specific example is 
the hamstring muscle group’s role in limiting anterior tibial displacement during 
functional tasks.24,25,26  Voluntary recruitment of both the hamstrings and quadriceps in 
male and female subjects significantly reduces overall anterior tibial translation at the 
knee.162 
However, research has demonstrated that the female’s active joint stiffness is 
significantly less effective compared to male subjects.162,173,181,182  Wojtys et al183 applied 
an anteriorly directed shear force to the knee of male and female subjects and found that 
active muscle co-contraction successfully reduced the resulting anterior tibial translation 
by 473% in the male group compared to only 217% in the females.  Further research 
from this group162,182 demonstrated that females lacked the ability to generate joint 
stiffness comparable to males in both sagittal and transverse plane motions.  Studies by 
Garanta et al173 supported these findings.  While the latency and amplitude of the muscle 
recruitment was not significantly different between genders, the active joint stiffness 
produced by the female subjects was 56-75% of the male subjects.   
Certainly, active muscle stiffness appears to represent a potential contribution to 
the gender bias in ACL injuries.  However, more research is necessary to establish if this 
disparity exists during the performance of functional tasks.  The studies thus far have 
used controlled loading on static limbs to assess joint stiffness.  Also, the role of 
neuromuscular recruitment must be considered, as this may prove to compensate for any 
deficiencies in overall active joint stiffness. 
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2.4.4.3 Neuromuscular Control 
Neuromuscular control refers to the reflexive muscular response to afferent 
stimuli.184  Related to the current topic, neuromuscular control is the recruitment of the 
muscles surrounding the knee following a sensory load at the joint.  Research into 
possible gender differences in neuromuscular control has focused on three main areas: 
proprioception, muscle recruitment strategies, and kinematics of the lower extremities. 
 
• Proprioception 
Very limited work has been completed to elucidate gender differences in 
proprioception.  Rozzi et al99 speculated that slower recognition of joint movement (a 
factor in proprioception) could predispose an individual to injury by delaying the 
muscular response that results from such sensory stimuli.  Their study compared male 
and female athletes’ response to a proprioceptive-testing device in which the lower 
extremity was moved into flexion or extension at a rate of 0.5˚/second.  The subjects 
were asked to respond as soon as any movement was detected.  The results revealed that 
the female subjects responded statistically slower than the male subjects for extension 
only.  The authors hypothesized that the slower response may be linked to the females’ 
increased joint laxity, which could delay the onset of ligamentous tension.99  However, 
the study’s actual results demonstrated only a one-degree disparity in the detection of 
motion into extension.  While statistically significant, the clinical relevance of this factor 
is debatable.  It seems unlikely that proprioceptive differences at that level would produce 
the inherent risk of ACL injury in female athletes.  More research is necessary to clearly 
define the influence of proprioception on muscular response between the genders. 
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• Muscle Recruitment Strategies 
As previously discussed, the activity of the muscles surrounding the knee has a 
substantial impact on the stiffness of the joint.  Also, the latency of the muscle could 
impact the total translation of the joint and influence the strain on the ACL.24,25,26,32,162  
For example, early onset of the quadriceps has been shown to increase anterior tibial 
translation and increased strain on the ACL.28,185  Research comparing the onset timing of 
contraction of the quadriceps, hamstrings, and gastrocnemius muscles has demonstrated 
that females use a different recruitment strategy than males. 
A study by Huston and Wojtys170 investigated the muscle responses of male and 
female athletes and controls to an unanticipated, anteriorly directed force on the posterior 
leg.  The authors described a tendency for some of the female athletes to contract their 
quadriceps muscles prior to the hamstring muscles, which was in contrast to all other test 
groups.  However, the statistical results demonstrated no significant difference in the 
recruitment pattern between the different genders.   
Further studies investigating recruitment strategies have supported the trend for 
females to recruit their quadriceps more quickly than males, though the actual 
recruitment order between the genders is the same: gastrocnemius, then hamstring, and 
finally quadriceps.186,187  Researchers at the University of Virginia have demonstrated a 
decreased latency of the quadriceps in female compared to male subjects during weight-
bearing rotary perturbations in unilateral stance.186,187  This recruitment characteristic 
holds true when measured at different knee angles close to extension (10˚, 20˚, and 
30˚).186  These results demonstrate that a gender disparity does exist in the muscle 
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recruitment strategies specifically related to the knee extensors.  However, it has not been 
made clear if the 10 – 20 millisecond difference in onset timing is substantial enough to 
promote ACL injury in female athletes.   
 
• Kinematics 
Non-contact ACL injuries occur most often during the deceleration phase of 
landing after a jump or in preparation for a cutting maneuver.5,16,18,188  The movement 
patterns influenced by the forces encountered and the muscle responses that occur at this 
time of joint loading may have substantial ramifications on the ligamentous strain.  
Cadaveric simulations of loading patterns during a jump-landing task have demonstrated 
significantly more strain in the ACL during the female pattern representation compared to 
the male.189  
Videotape analysis of ACL injuries has revealed specific movement patterns to be 
common to the mechanism of injury in both male and female athletes: hip adduction and 
internal rotation, knee close to extension and in a valgus posture, and external rotation of 
the tibia.16,17,18  While these movement patterns are not gender-specific, research has 
shown that such characteristics are more prominent in the female population,19,22,101 and 
thus may represent a gender-biasing risk factor. 
  Laboratory simulations of sports maneuvers have been used to elicit lower 
extremity kinematics similar to those that occur in real-game situations.  This allows for 
measurement and quantification of the joint position and moments that the body 
encounters through sporting activities.  Jump-landing tasks or side-cutting maneuvers are 
the most commonly used perturbation activities in ACL-related research.19,21,22,101,190,191  
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When frontal plane measures are examined in these situations, the results reinforce the 
videotape analysis and demonstrate that females achieve greater knee valgus compared to 
males.22,101,190,192  Increased valgus positioning of the knee has been shown to decrease 
the maximum load required to rupture the ACL.191  Hewett el al33 have suggested that 
high valgus loads are a predictor of ACL injury.  ACL strain increases when adding hip 
adduction and internal rotation,33,100 both which occur in a more dramatic manner in the 
female movement pattern.19,193,194  However, many studies have demonstrated that the 
ACL is not a major load-bearing structure during knee valgus-varus and internal-external 
rotation motions when other knee structures are intact.85,88,100  It is questionable whether 
knee valgus and internal rotation moments alone are major risk factors in the ACL-
loading mechanism. 
Investigation into sagittal plane motion further supports the videotape analysis of 
ACL injuries.  Chappell et al19 used 3-dimensional analysis during a stop-jump task to 
compare the kinematics of males and females.  The findings consistently showed that 
females landed with less knee and hip flexion.  Females demonstrating less joint flexion 
and generally more upright postures during sporting maneuvers have been shown in a 
multitude of other studies.20,21,22,23  As previously discussed, the ramifications of more 
extended knee postures include decreased hamstring activity20,24,25,26 resulting in 
excessive quadriceps femoris loading20 and increased tibial anterior translation,25,26,27,28 
and increased ground reaction forces.21,29  Each of these imbalances has been suggested 
as a potential risk factor in ACL strains or tears.5,28,32,33,34   
The kinematics of male and female athletes appear to be quite different.  Females 
tend to exhibit aspects of Ireland’s17 “position of no return” more readily than their male 
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counterparts, which places increased strain on the ACL.  Joint position is directly related 
to muscle control, joint stiffness and force distribution through the lower extremity, and 
thus could represent an important element in future ACL-related investigations.  
Understanding the inherent cause of the kinematical difference between the genders 
could lead researchers to determine the true source(s) of the gender disparity in ACL 
injuries.   
 
2.4.4.4 Summary 
Biomechanical differences in male and female athletes are quite numerous.  
Muscle performance, joint stiffness and lower extremity kinematics also represent a 
category of risk factors that have the potential to be easily influenced via proper training 
and education.  It is not as realistic to consider altering the female’s bony anatomy or 
hormonal fluctuations.  However, intervention strategies have already been shown to alter 
biomechanical properties in female athletes. Uncovering the underlying biomechanical 
characteristics that contribute to the gender inequality in ACL injuries could be the key to 
developing a practical and successful intervention program. 
 
2.5 Intervention Strategies 
 Several types of intervention strategies have been explored in the current 
literature on ACL injuries.  Intervention strategies have included: bracing,94,121,195-210 
education,21,35,37,211-213 strength training,24,214-217 and neuromuscular 
training.21,35,36,37,39,40,41,217-225  Each of these strategies has the common goal of reducing 
the frequency of ACL injuries. The purpose of each of these interventions is to favorably 
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alter female ACL injury risk factors.  Intervention strategies involving education and 
technique training, and/or neuromuscular training in general have revealed an overall 
positive influence on injury risk factors while other strategies, including bracing and 
basic strength training, have been less favorable. Some of these studies have been 
confined to the laboratory21,24,35,36,39,40,84,195-197,199,201,202,204-207,210,212-215,217,220,221,223,224 
while others have included field study.37,41,121,200,203,208,209,211,216,218,219,222,225 Those that 
have been completed in the field typically have tracked knee injuries 
generically121,200,203,208,209 while only a few specifically examined ACL 
injuries.37,41,211,216,218,219,222,225 
 
2.5.1 Bracing 
The general purpose of bracing a joint is to support, align, or immobilize.  
Prophylactic knee bracing is an intervention method often used in an attempt to prevent 
ACL and other knee injuries during sports activities.198  The main goal is to prevent 
extreme valgus forces from overloading the ligamentous support of the knee.  
Biomechanical studies have shown that prophylactic knee bracing can add 20–30% 
greater resistance to a lateral hit to the knee.195  The use of knee bracing as a preventative 
measure in ACL injuries has met with fickle support from researchers.  One benefit of 
knee bracing found in clinical trials was an increased joint position sense.206  
Additionally, in laboratory trials using knee models, prophylactic knee braces have been 
shown to reduce the strain on the medial collateral ligament (MCL) and ACL from an 
applied valgus stress.197,202,207  Other similar studies using knee models have supported 
the effectiveness of braces for protecting the MCL; however, these studies found only 
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minimal or no protection for the ACL.196,199,201  Another type of brace has been 
investigated to minimize tibial torsion at the knee.  Derotation braces have been shown in 
simulated trials to diminish tibial rotation by as much as 70%, limiting abduction (varus) 
and adduction (valgus) at the knee by up to 40%, and decrease the load on the 
ACL.204,205,210  However, research has also demonstrated that diminished rotation at the 
knee with bracing only occurs in non-weight bearing conditions.84,201 
Field studies of the influence of bracing on actual knee injury rates have been 
equally inconsistent in their results.  Sitler et al209 conducted a prospective, well-
controlled study investigating the use of knee bracing in intramural football players.  At 
the end of the trial period there were more knee injuries in the control (non-braced) group 
compared to the experimental (braced) group.  However, there was no difference in the 
severity of either MCL or ACL injuries.  This study did not specifically address a 
reduction in the number of isolated ACL injuries.  A similar study of braced and non-
braced football players conducted by Deppen et al200 found no difference in knee injury 
rates between the brace conditions. Other research has agreed that bracing has no effect 
on the rate of knee injuries,203 while some have found that the number of knee injuries 
increases with bracing.121,203,208  The American Academy of Orthopedic Surgery and the 
American Academy of Pediatrics226 pronounced in their position statement that 
“prophylactic braces lack sufficient evidence of efficacy in reducing the incidence or 
severity of ligamentous knee injuries.”   No studies were identified that addressed bracing 
and ACL injuries in female athletes.  
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2.5.2 Education 
 The goal of educating athletes on ACL injury risk factors is so the athletes 
recognize when they are in a situation or posture that puts them at higher risk for injury.  
Knowledge of ‘at risk’ postures for injury may allow the athlete to take measures to avoid 
becoming injured.  For example, an instructional video detailing ACL injuries and 
strategies to avoid or recover from at risk postures was given to ski instructors to view 
and implement in their lessons.  Researchers tracked injury rates during the ski season 
and found there was a 50% reduction in ACL injuries.211  While this study does not 
address gender differences, it does support the use of educational video in attempting to 
prevent ACL injuries. 
 Other methods of education include instruction in proper sports-maneuver 
techniques via verbal and visual cueing.  Again, the goal is to have the athlete 
independently recognize what activities or movements are likely to promote ACL injury.  
In separate studies, researchers demonstrated decreased ground reaction forces in athletes 
who were instructed in proper landing strategies and given verbal and visual feedback for 
“softer landing”.212,213  Hewett et al213 included jump-landing education in a 
comprehensive prevention program.  Study participants were instructed in four 
techniques: using correct posture throughout the jump, jumping straight up without side-
to-side or forward or backward movement, soft landing with a toe-to-heel rocking motion 
and flexed knees, and an instant recoil in order to prepare for the next jump.  The study 
results demonstrated that the trained athletes landed with less ground reaction forces.  
The study also demonstrated that the trained females increased their overall hamstring 
power and improved the peak hamstring:quadriceps torque ratio to achieve values closer 
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to the male subjects.  Additional study of the merits of this intervention found that the 
trained female athletes had significantly fewer non-contact ACL injuries compared to the 
untrained control group.37  While education was not the only component to this 
intervention program, the authors concluded that it was essential to the progression of the 
entire program.   
 Educating athletes on mechanism of injury and in strategies to avoid risk of ACL 
injury appears to have some promising results.  However, it seems unlikely that education 
alone can alter gender-related risk factors.  Most research has used education as one 
component in a larger intervention program.21,35,37  One cannot argue against the value of 
educating females on the issues related to ACL injuries. 
 
2.5.3 Strength training 
 Strength training has been suggested as an intervention method to diminish the 
gender-biased risk factors associated with non-contact ACL injuries.  Some researchers 
have theorized that by biasing resistance training to concentrate on the hamstring muscles 
an athlete may be able to overcome the quadriceps to hamstring strength imbalance.16   
Strength training as an isolated intervention has been shown to have only minor influence 
on the biomechanical risk factors associated with female ACL injuries.  A few studies 
have found that resistance training of specific muscle groups can elicit alterations in the 
coordination of muscle activation.24,214,215  Twelve female NCAA soccer players’ 
hamstring:quadriceps ratios (specifically measuring eccentric hamstring compared with 
concentric quadriceps torques) were measured before and after a six-week hamstring 
strength training program.  The results demonstrated an increase in the muscle torque 
 45
ratio from 0.96 to 1.08.215  Other studies have also supported the improved antagonistic 
function of the hamstrings to the quadriceps following hamstring-specific training.24  
However, there is little evidence216,217 that strength training alone can significantly alter 
other risk factors or impact ACL injury rates among athletes. 
The influence of isokinetic training, isotonic training, and agility training on 
muscle torque generation, time to peak torque, and reflex response times was studied in 
female and male athletes.  The results showed that the isokinetic strength-training group 
improved the torque generation of the quadriceps, but saw a slowing of the reflexive 
response of the medial hamstrings and medial quadriceps muscles.  No other changes 
were seen among the strength training groups.217  A study by Lehnhard et al216 
investigated the injury rates among male collegiate soccer players with and without 
resistance training.  While the overall injury rates did decrease significantly with the 
addition of strength training, this trend was not true for ACL injuries exclusively.  While 
neither of these studies addresses the gender bias in ACL injuries specifically, they do 
suggest that strength training alone is most likely not the ideal method to prevent ACL 
injuries in any population. 
 
2.5.4 Neuromuscular training 
Neuromuscular training is used to describe a broad range of training strategies 
that influence the coordination of muscular responses during functional activities.  Some 
examples of this form of training include proprioceptive and balance activities, agility 
training, and plyometrics exercise.  Researchers have introduced these forms of 
neuromuscular training as isolated strategies or as components of entire injury prevention 
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programs in order to alter the gender biased risk factors for ACL damage seen in female 
athletes.  The results have been very positive, however, not always consistent in 
diminishing biomechanical disparities and overall injury rates in this population. 
 
2.5.4.1 Proprioception and balance training 
Proprioceptive and balance activities require an individual to complete functional 
tasks on uneven surfaces or with varying levels of perturbations.  The goal of this form of 
training is to enhance the body’s awareness of joint positioning and posture in order to 
respond to changes in the environment with proper muscular control.227  The use of 
proprioceptive and balance training activities as a prophylaxis to knee injuries has met 
with controversial results.  A very well known study in this area was conducted by 
Caraffa et al.218 who recruited male soccer players to undergo 20-minute proprioceptive 
training sessions using a wobble board for the length of one season.  The results 
demonstrated a reduction in ACL injuries among the trained male athletes compared to 
the control group.  Proprioceptive training seemed to have substantial relevance in the 
ACL injury prevention research.  However, when a similar study was conducted in 
female soccer players the results did not demonstrate the same reduction in injury 
cases.225  Myklebust et al41 incorporated wobble board training activities in addition to 
balance exercises in female handball players of different experience levels. This study 
demonstrated a lack of overall effect on ACL injury rates.  However, a reduction of ACL 
injuries was seen in the elite-level handball team from 13 injuries out of 212 players 
(6.1%) to one injury out of 175 players (0.6%), but only in those players who met all 
minimum compliance requirements.  This group represented a very small population 
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within the study participants and would not be a good representation of most female 
athletes.41 
Balance training has been shown to directly influence biomechanical limitations 
in females.  Two studies by Myer et al36,40 introduced balance activities on uneven 
surfaces and progressed to perturbation exercises over a seven-week period.  The results 
demonstrated decreased ground reaction forces, decreased knee abduction excursion, and 
increased knee flexion excursion during landing activities.36,40 Additionally, increased 
hamstring peak torque and hamstring:quadriceps ratio during isokinetic testing have been 
demonstrated following balance training.36  These studies suggest that balance training 
can have a strong influence on the risk factors for ACL injuries present in females.  
However, due to the lack of evidence that this form of intervention reduces actual ACL 
injuries, it seems likely that proprioceptive and balance training could be effective as a 
component of a larger preventative program. 
 
2.5.4.2 Agility Training 
 Agility training involves activities requiring fast changes in speed and direction.  
The general goal of this form of intervention is to improve speed and reaction time during 
athletic events.228 Similar to proprioceptive and balance training, the use of agility 
training as an isolated tool in ACL prevention research has been promising, but not the 
solution.  When male and female subjects participated in agility activities for a six-week 
period, researchers found that the participants showed a reduction in spinal reflex times 
of the medial and lateral quadriceps. Specifically, response times in the medial 
hamstrings decreased by 39.1 ms and the medial quadriceps decreased by 32.4 ms 
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following a sudden anteriorly directed force applied to the back of the calf.  The results 
also showed an improvement in the intermediate reflex response time of the medial 
hamstrings by 18.1 ms (p<0.01) and an improved cortical response in the gastrocnemius 
by 15.7 ms, medial hamstring by 34.4 ms, and lateral quadriceps muscle groups by 27.9 
ms.217  Again, it appears that agility training has a strong influence on the gender biased 
ACL injury risk factors.  However, when actual injury rates were tracked following a 
seven-week agility training program in female high school soccer players there was no 
difference in the number of ACL injuries despite seeing significantly fewer numbers in 
other types of injuries.219  Collectively, the research suggests that agility training would 
be a worthy addition to a broader ACL prevention program, but not necessarily as an 
isolated activity.  
 
2.5.4.3 Plyometrics 
 Programs that focus on plyometric activities have been shown to be the most 
successful stand-alone intervention in influencing biomechanical risk factors for ACL 
injuries as well as directly reducing injury rates in female athletes.  Hewett and 
associates21 recruited high school female athletes to participate in a six-week plyometics-
based training program that progressed over three phases: Phase I- correcting posture and 
proper jump training; Phase II- strength building; and Phase III– achieving maximal 
vertical height with jumps.  The intervention group was compared to a control group of 
females and a group of matched males.  Prior to the intervention the females 
demonstrated weaker hamstring muscles and had a side-to-side hamstring:quadriceps 
ratio imbalance compared to the males.  Following the intervention the trained females 
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increased their hamstring muscle peak torque by 44% in the dominant and 21% in the 
non-dominant lower extremities and corrected the side-to-side muscle imbalance.  The 
results also revealed the trained females decreased their peak landing force by 22% (p= 
0.006) and frontal plane knee moments (adduction moment reduction from 3.4 to 2.1 
%body weight x height; abduction moment reduction from 4.0 to 1.9 %body weight x 
height).21  Decreased landing force following plyometric training was also cited in 
research by Irmischer et al.35  However, an increase in ground reaction force was found 
by Myer et al36 who implemented plyometric exercises in high school females over a 
seven-week period.  This study did find improved hamstring torques,36 increased knee 
flexion at landing, and decreased maximum knee abductions40 following the intervention 
program.  Only one study was identified that did not see biomechanical changes 
following the introduction of a plyometric-based program.  Pfeiffer and associates224 
employed a 2-week program in high school female athletes.  The results revealed no 
alterations in the mechanics of landing or decelerating in the subjects.  It is important to 
note that the intervention in this study only lasted two weeks, while in the previous 
studies the program was implemented for at least six weeks. 
 Plyometric training strategies appear to be very successful in addressing key 
gender biased ACL injury risk factors.  Additionally, research has shown that this form of 
exercise can influence the rate of knee injuries in female athletes.  Hewett et al37 followed 
43 teams over one season that used the previously described plyometric-based training 
for 6 weeks.  The untrained female athletes demonstrated a 3.6 times higher incidence of 
knee injuries compared to the trained group.  Furthermore, there was no difference in the 
injury rates of the trained group compared to the group of male controls.  Lastly, the 
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trained groups experienced fewer ACL-specific injuries compared to the untrained 
females.37   
 The success of plyometric programs is further enhanced when combined with 
other forms of training.  For example, a program including plyometric exercise, 
education, resistance training, and agility activities resulted in an 88% reduction in ACL 
injuries during the first season and a 74% reduction during the second season.222  
Significant effects on biomechanical disparities have also been demonstrated in other 
research.39,220,221,223 
Clearly, there is some clinical relevance to these research findings.  It seems 
reasonable to conclude that plyometric activities are an important factor in ACL injury 
prevention and warrant further research into their benefits.  However it is important to 
note that many of these intervention programs may not be appropriate given the 
constraints many sports teams have on their practice schedules.  A number of the studies 
described above require 90-minutes or more to complete the exercises,21,36,37,40,223 which 
would have to be completed in addition to all other components of sports training.  Others 
require greater than six-weeks of consistent training.35,36,38,40,220  This time dedication 
may create an issue with compliance to the program, which was demonstrated to be a 
substantial factor in the overall success of a program.41  Furthermore, if programs are 
stopped abruptly or not followed adequately it may result in a loss of any “gains” in a 
relatively short period of time.  Lastly, these programs often require expensive or 
specialized equipment41,218,220,2121,229 that may not be available to many sports teams.  
Taking these factors into consideration, it may be beneficial to investigate other forms of 
intervention that could influence the ACL-related risk factors present in female athletes.  
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2.6 Heel lifts – an alternative intervention 
 As noted above, the effectiveness of an intervention strategy is limited to the 
compliance of the participants.  Many sports teams may not have sufficient time or 
budgets, which would restrict the introduction of a biomechanically-based exercise 
program as previously discussed.  It seems more feasible that these teams would accept 
an ACL injury prevention strategy that requires little alterations in their current training 
procedures, would not put an enormous financial strain on the team or its sponsors, and 
will maintain its effectiveness over time.  One potential alternative intervention is the use 
of heel lifts added to or built into the individual’s athletic shoes. 
 The effects of heel lifts on ACL injuries or the risk factors associated with these 
injuries have not been researched.  However, there is evidence that increased heel height 
alters the lower extremity biomechanics42-46,230-235.  Such alterations, including increased 
knee flexion posture and modified muscle activity, may influence some of the significant 
gender-biased risks associated with ACL injuries in female athletes.  If the addition of a 
heel lift is effective in passively altering lower extremity kinematics and/or muscular 
performance, sports teams may have an inexpensive and effective method of influencing 
these risk factors without the need for unrealistic financial commitments and time 
constraints.   
 
2.6.1 Sagittal plane knee posture 
 Most research investigating heel height has focused on the use of high-heeled 
dress shoes in women.  Static postural analyses have shown that one consistent finding is 
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increasing knee flexion angles with increasing heel height.42  The influence of heel height 
in dynamic joint postures, such as in gait, has seen similar increases in knee flexion 
angles.43,44,45,46  Opila-Correia45 investigated the 3-dimensional changes in lower 
extremity kinematics during gait in low heeled (1.6 cm) and high-heeled (6.1 cm) shoes.  
The results demonstrated an increase in knee flexion angles at heel strike and mid-stance 
phase of the gait pattern with increased heel height.   
 
2.6.2 Muscle Activity 
 Very limited information is available regarding the effect of heel height and shoe 
wedging on muscle activity in the lower extremity other than at the ankle.  Nigg and 
associates230 found that orthotics meant to counteract specific joint motions cause 
alterations in muscle activity as the body attempts to compensate and return to “normal 
joint motion”.  Most studies that have investigated heel height agree that the magnitude 
of contraction of the muscles about the ankle changes with increasing heel height.  The 
most common finding is decreased amplitude of the gastrocnemius muscle EMG 
response,231,232,233,234 while some have also noted an increase in tibialis anterior 
activity.232-234  Bird et al235 investigated the effect of a 2-centimeter heel lift on hip and 
low back muscle activity during gait in thirteen healthy subjects.  This study found that 
the erector spinae muscle group’s onset time decreased by 40 ms when the heel lifts were 
worn bilaterally (p<0.001).  Additionally, there was a delay of 20 ms in the onset of the 
ipsilateral gluteus medius muscle during the stance phase of the gait pattern.  No changes 
in muscle amplitude were discovered.  No literature was identified that discussed muscle 
activity about the knee as a dependent variable of heel height.  However, the positive 
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findings in ankle, hip and trunk muscular adaptations may support the need for further 
investigation at the knee.  
 
2.6.3 Summary 
 While the research discussed above does not directly relate to ACL injuries or risk 
factors, it seems to suggest that heel height could play a role in addressing the 
biomechanical issue related to sports maneuver performance, especially in knee joint 
kinematics.  If an increased heel height promotes greater knee flexion in static stance and 
during varying gait activities, then it may have the same influence during landing or 
cutting tasks.  Furthermore, if trunk, hip, and ankle musculature are altered by heel 
height, perhaps the musculature that controls the knee could be altered by a simple heel 
lift.  The effect of heel height on knee posture and muscle response during different 
sports maneuvers warrants further investigation. 
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Chapter 3 
 
 
Methods 
 
 
3.1 Experimental Design & Setting 
All data was collected in the Kristen McMaster Motion Laboratory at Duquesne 
University’s Rangos School of Health Science Building.  A one-way repeated measures 
design was used to evaluate the effect of heel lift height on sagittal plane knee joint 
kinematics of subjects participating in two landing activities on dominant limbs: a drop-
landing from a 40 cm high platform and a forward hop.  As previously noted, landing is a 
common injury mechanism and similar studies236, 237 have utilized similar tasks to 
analyze lower extremity kinematics in female athletes.  Three dependent variables were 
assessed: 1) knee flexion angle at initial contact, 2) joint excursion, and 3) rate of 
excursion.  These factors have been shown to differ significantly between genders in 
landing tasks.236   The independent variable was heel height with 3 levels: no lift (0mm - 
control), 12 mm, and 24 mm.  The lift sizes were established based on published heel lift 
research235,238,239, pilot testing, practicality and availability.  The application of the 
varying heel lifts was completed in random order. The subjects were not told which heel 
lift was being utilized in an effort to minimize bias.   
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3.2 Subjects 
 Fifty female subjects between the ages of 18 and 25 were recruited from the 
university community via consecutive sampling procedures.  Informational flyers were 
distributed around the university campus inviting volunteers to contact the primary 
investigator.  Sample size calculations were gathered from pilot data testing.  Selection 
criteria for all subjects included: 1) at least recreationally active; 2) no history of knee 
surgeries; 3) no acute lower extremity injury within the past six months that required the 
use of an assistive device for more than one day; 4) no use of foot orthotics; 5) 
demonstrated the ability to perform required jumping tasks without limitation.  
Recreationally active was defined as being engaged in aerobic and/or anaerobic exercise 
for an average of four to five hours per week.  However, this study did not exclude those 
who participate in more exercise such as athletes.  All subjects were asked to read and 
sign an informed consent form approved by the Duquesne University Institutional 
Review Board. 
 
3.3 Instrumentation 
 An electrogoniometer (EG) (Biometrics Ltd; Gwent, UK) that samples at 2000Hz 
was used to measure sagittal plane knee joint angles during the drop-landing testing 
procedure.  Recent research has demonstrated intra-tester reliability coefficients for EG 
measurement of knee angles in standing at 0.87-0.88.240  The manufacturer lists the EG’s 
accuracy at ±2º and repeatability at 1º over a 90º range. 
A force plate (Bertec Corporation, Columbus, OH) securely mounted in the sub-
floor (such that the top surface of the force plate is level with the laboratory floor) that 
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samples at 2000Hz was utilized to mark the initial contact with the floor.  Specifically, 
initial contact was defined as the time at which point the vertical ground reaction force 
demonstrated a visible increase above the baseline. The acquisition software was 
programmed to use the force plate as an event marker from which the data were recorded 
using a trigger sweep mode. A total of 1000 ms was recorded: 300 ms pre-contact with 
the force plate and 700 ms post-contact for each trial.   
All hardware was connected to an analog  digital conversion board and a 
desktop computer (Dell; Austin, TX) thereby allowing synchronous collection of data 
from the respective sources. Raw data were acquired and filtered with a software 
acquisition and analysis system (Run Technologies; Laguna Hills, CA).  
 
3.4 Procedures 
 Identical procedures were followed for each subject. Data collection was 
completed during one session in the biomechanics laboratory.  Subjects were informed 
about the details of the study and signed informed consent forms.  Demographic data 
including height, weight, age, level and type of sport or activity, and shoe size were 
collected.  All testing was performed on the dominant lower extremity.  Dominance was 
determined by having the subject jump off a 20cm wooden box and land on one leg.  The 
lower extremity on which the subject landed two out of three trials was considered to be 
the dominant lower extremity.  The subjects were asked to demonstrate an ability to 
perform the landing task to be utilized in this study.  Each task was described and the 
potential participant completed each activity.  If an individual was unable to perform both 
landing tasks without restriction they were excused from participation in the study. 
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Subjects donned a standardized shoe (NewBalance, Model 600, men’s sizes 6 to 
14; Boston, MA) that was neutrally balanced (neither a supination or pronation bias) for 
the testing procedures. Each subject tried on different shoe samples in order to determine 
the appropriate size for fit, comfort and individual preference.  Prior to donning the 
shoes, the investigator determined the order of the application of the heel lifts by 
randomly pulling papers labeled with the 3 different height measurements out of a hat.  
The subject was not told which heel height was being used for each trial.  The heel lifts 
(G&W Heel Lift Incorporated, Cuba, MO) were injection-molded PVC vinyl lifts 12mm 
in height.  Two heel lifts were combined with double-sided tape provided by the 
manufacturer to achieve the 24mm height.  The investigator then affixed the appropriate 
heel lift to the subject’s shoe with carpet tape (Ace Hardware Corp.; Oak Brook, IL).  No 
additional material was added to the standard shoe in the 0mm condition. 
Next, the EG was centered over the lateral joint line of the knee with the proximal 
block of the EG aligned with the greater trochanter of the femur and the distal block with 
the lateral malleolus of the fibula.  Once in place, the subject was asked to stand with her 
knee at 0º as verified by a manual goniometer, at which time the EG was zeroed.  The 
subject was then asked to actively flex and extend her knee to verify that the signal was 
recording properly.  Next the subject was instructed to stand on one leg, hold onto a chair 
for balance, and squat down bringing her knee beyond her toes as far as she could while 
maintaining heel contact with the ground.  The maximum knee flexion angle was 
recorded.  Then the subject was asked to push her knee back into extension as far as 
possible.  Maximum knee hyperextension angle was recorded.  Each subject performed 
these activities three times.  This procedure was repeated with all three heel heights in 
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order to establish total available weight bearing knee range-of-motion at each heel lift 
level.  
 Drop-landing activity: The subject stepped onto the 40 cm high platform and 
stood facing the force plate with her feet shoulder width apart and toes aligned with the 
edge of the platform.  The platform was located 11 cm from the force plate.  The subject 
then leaned and fell forward off the platform and landed in the middle of the force plate 
on her dominant lower extremity.  The subject was instructed to maintain her balance on 
the single limb until cued by the investigator to place the other lower extremity on the 
floor.  Failure to land in the middle of the force plate or to maintain single limb balance 
following the jump resulted in negation of that trial from the data set and the subject was 
asked to repeat the jump.   
 Forward hop activity:  The subject stood with both lower extremities on the 
floor and feet shoulder width apart 45% of her height away from the force plate.  A 12 
cm tall box was placed halfway between the subject and the force plate.  The subject 
hopped forward from a static stance over the box and landed in the middle of the platform 
on the dominant lower extremity.  The subject was instructed to maintain her balance on 
the single limb until cued by the investigator to place the other lower extremity on the 
floor.  Failure to land in the middle of the force plate or to maintain single limb balance 
following the jump resulted in negation of that trial from the data set and the subject was 
asked to repeat the hop.   
 Each subject completed five trials of each landing task for all three heel lift levels 
for a total of 30 jumps or trials.  The order of the landing activities was counterbalanced 
between each subject with the initial subject’s order being determined by flipping a coin.  
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The subject was given a 30-second rest period between each jump to minimize the effect 
of fatigue.  All data were gathered consecutively with a five-minute break between each 
condition to allow time to affix the heel lift and to give the subject a longer rest period.   
  
 
3.5 Data Reduction 
Kinematic, force plate and time data were signal averaged over all five trials of 
each task using the features available in the acquisition software.  An event buffer was 
programmed into the software to delineate initial contact with the force plate.  Due to the 
signal averaging and possible electrical interference, initial contact as recorded by the 
force plate did not occur exactly where the trigger was programmed to occur (at 300 ms).  
Thus, the investigator visually assessed the force plate tracing within the acquisition 
software to determine the time of initial contact.  Initial contact was marked when the 
force plate load reached a level that visibly exceeded a quiet baseline.  This event buffer 
was used to identify where sagittal plane knee angle at initial contact occurred (figure 
3.1).  The acquisition software capabilities were used to report the values of the 
dependent measures.  Sagittal plane knee joint excursion was calculated by subtracting 
the averaged knee angle at initial contact (KAIC) from the peak knee flexion (KAPeak) 
value.  Rate of excursion (degrees/second) was calculated by dividing knee excursion by 
the time difference between maximum and initial contact knee flexion angles: 
       ___KA (Peak) –  KA(IC)____ 
       Time (KA Peak) – Time (KA IC) 
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 If the peak knee flexion angle occurred greater than 250 ms after initial contact, the knee 
angle at 250 ms was also recorded.  Research has suggested that ACL injuries occur 
within a small time frame171, and it is unlikely that knee angles occurring after 250 ms 
impact an athlete’s susceptibility to injury.  Data were filtered using linear smoothing 
with a 10ms time constant.  All identified dependent measures for each subject were 
exported from the acquisition software as an ASCII text file and then imported into a 
spreadsheet program (Excel, Microsoft) to be pooled and organized. The data were then 
transferred to a statistical analysis software program for analysis.   
 
3.6 Statistical Analysis 
 Statistical analysis was completed with a commercially available software 
package (SPSS; Chicago, IL).  Separate repeated measures (randomized block) analysis 
of variances (ANOVA) were utilized to determine the influence of heel height on knee 
angle at initial contact, total knee joint excursion and rate of excursion for each landing 
task.  The within subject variable was heel lift height with 3 levels: 0 mm, 12 mm, and 24 
mm.  The block factor was the individual subjects.  Bonferroni correction was applied 
due to the multiple tests being utilized in this analysis.  When appropriate, post hoc 
testing using one-tailed paired t-tests with Bonferroni correction were performed to 
identify any significant differences in the dependent variables between the heel lift 
conditions.  Alpha levels were set a-priori at p < 0.05.  The corrected p-value used for 
each post hoc test was p < 0.017. 
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3.7 Power Analysis 
 Pilot data collection using identical procedures described above was performed on 
10 female subjects.  The data obtained were used to perform subject size calculations for 
the current study.  A readily available power analysis software program (G*Power 3.1.10, 
Dusseldorf, Germany)241 was used to calculate the subject size required to obtain 80% 
power based on the pilot data.  The least amount of statistical difference among the pilot 
data was found in the forward hop task in the sagittal knee angle at initial contact.  This 
data grouping was used to represent the variables least likely to show significance as a 
result of power.  Thus, the mean values from this dependent measure were used to 
determine the effect size and correlation among the repeated measures.  The program 
calculations established that 50 subjects would be needed to achieve the desired power 
level. (figure 3.2) 
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Figure 3.1. Example of data collection tracing from acquisition software. 
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Figure 3.2. Power Analysis 
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Chapter 4 
 
 
Results 
 
 
4.1 Subjects 
 Data were collected on 50 female participants (mean age = 20.6 ± 1.5 years, mean 
height = 166.2 ± 6.1 cm, mean weight = 64.3 ± 9.3 kg).  Sixteen of these participants 
were NCAA college athletes participating in volleyball, lacrosse, soccer, or tennis.  The 
34 non-NCAA athletes participated in activities such as weight lifting, running, exercise 
classes, and pilates for a self-reported average of 5.5 hours per week.  A complete set of 
demographic information for each subject can be found in Appendix Table A1.1.  All raw 
data collected can be found in Appendix Tables A1.2 and A1.3. 
 
4.2 Statistical Results 
 Table 4.1 lists the means, standard deviations, and standard errors of the means 
for knee angle at initial contact, total knee excursion, and rate of excursion for the 
forward hop task.  Table 4.2 lists the means, standard deviations, and standard errors of 
the means for knee angle at initial contact, total knee excursion, and rate of excursion for 
the drop-landing task.   
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4.2.1 Forward Hop Task 
 Knee angles at initial contact were significantly different between groups 
(F2,98=9.705, p<0.001) when analyzed by heel lift level.  Post-hoc analyses using paired t-
tests with Bonferroni correction revealed a significant increase in the initial contact angle 
from 0mm to 24mm (8.8º±6.5 versus 11.2º±7.0; p<0.001) and from 12mm to 24mm 
(9.3º±5.8 versus 11.2º±7.0; p=0.003) lift conditions.  No significant difference was found 
between 0mm and 12 mm (8.8º±6.5 versus 9.3º±5.8; p=0.423) (Figure 4.1).  
 A significant difference was also found in rate of excursion (F2,98=4.108, 
p=0.019) across heel lift levels.  Post-hoc analyses using paired t-tests Bonferroni 
correction revealed a significant decrease in rate of excursion from and from 12mm to 
24mm (212º/s±52 versus 195º/s±55; p=0.004) lift conditions.  No significant difference 
was found between 0mm and 12mm (207º/s±52 versus 212º/s±52; p=0.351) or 0mm and 
24mm (207º/s±52 versus 195º/s±55; p=0.282) (Figure 4.2).  
 No significant findings were demonstrated in knee excursion data (Mean±SD: 
0mm- 38.2º±10.1, 12mm- 38.9º±10.5, 24mm- 37.7º±10.0; F2,98=1.474, p=0.234). (Figure 
4.3)  This finding prompted further investigation into peak knee flexion angles across the 
heel lift condition.  A repeated measure ANOVA demonstrated a significant difference in 
this factor (F2,98=4.463, p=0.014).  Post-hoc analyses using paired t-tests Bonferroni 
correction revealed a significant increase in peak knee flexion angles from 0mm to 24mm 
(47.0º±10.9 versus 48.8º±9.7; p=0.004) lift conditions.  No significant difference was 
found between 0mm and 12mm (47.0º±10.9 versus 48.1º±10.3; p=0.071) or 12mm and 
24mm (48.1º±10.3 versus 48.8º±9.7; p=0.282) (Figure 4.4).  
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 Refer to Tables 4.3 for an ANOVA summary and Table 4.4 for a post-hoc 
analysis summary. 
 
4.2.2 Drop-Landing Task 
 Data collected during the jump-landing task revealed no significant differences 
for knee angle at initial contact (Mean±SD: 0mm- 4.9º±6.0, 12mm- 5.3º±4.6; 24mm- 
5.3º±4.7; F2,98=0.657, p=0.521; Figure 4.5), excursion (Mean±SD: 0mm- 45.9º±10.5, 
12mm- 46.0º±9.4, 24mm- 46.0º±8.9; F2,98=0.027, p=0.974; Figure 4.6), or rate of 
excursion (Mean±SD: 0mm- 237º/s±57, 12mm- 230º/s±54, 24mm- 230º/s±56; 
F2,98=1.689, p=0.190; Figure 4.7) across the heel lift conditions.  Refer to Table 4.5 for an 
ANOVA summary. 
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Table 4.1 
 
   
Means, Standard Deviations, and Standard Error of the Mean Summary Table for 
Forward Hop Task 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 Knee Angle at Initial Contact (degrees) 
   mean standard deviation standard error 
 0 mm 8.801 (±) 6.459 0.913 
 12 mm 9.263 (±) 5.806 0.821 
 24 mm 11.165 (±) 7.037 0.995 
     
     
     
     
 Peak Knee Flexion Angle (degrees) 
   mean standard deviation standard error 
 0 mm 47.005 (±) 10.856 1.535 
 12 mm 48.123 (±) 10.335 1.462 
 24 mm 48.816 (±) 9.712 1.373 
     
     
     
     
 Total Knee Excursion (degrees) 
   mean standard deviation standard error 
 0 mm 38.204 (±) 10.086 1.426 
 12 mm 38.859 (±) 10.466 1.480 
 24 mm 37.651 (±) 9.978 1.411 
     
     
     
     
 Rate of Excursion (degrees/second) 
   mean standard deviation standard error 
 0 mm 0.207 (±) 0.052 0.007 
 12 mm 0.212 (±) 0.052 0.007 
 24 mm 0.195 (±) 0.055 0.008 
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Table 4.2   
 
 
Means, Standard Deviations, and Standard Error of the Mean Summary Table for Drop-
Landing Task 
 
     
 Knee Angle at Initial Contact (degrees) 
   mean standard deviation standard error 
 0 mm 4.927 (±) 5.993 0.848 
 12 mm 5.346 (±) 4.558 0.645 
 24 mm 5.319 (±) 4.740 0.670 
     
     
     
     
 Peak Knee Flexion Angle (degrees) 
   mean standard deviation standard error 
 0 mm 50.783 (±) 10.423 1.474 
 12 mm 51.362 (±) 9.785 1.384 
 24 mm 51.338 (±) 9.191 1.300 
     
     
     
     
 Total Knee Excursion (degrees) 
   mean standard deviation standard error 
 0 mm 45.856 (±) 10.468 1.480 
 12 mm 46.016 (±) 9.416 1.332 
 24 mm 46.017 (±) 8.909 1.260 
     
     
     
     
 Rate of Excursion (degrees/second) 
   mean standard deviation standard error 
 0 mm 0.237 (±) 0.057 0.008 
 12 mm 0.230 (±) 0.054 0.008 
 24 mm 0.230 (±) 0.056 0.008 
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Table 4.3   
 
 
ANOVA Summary Table for Forward Hop Task 
 
         
 One-way Repeated Measures ANOVA (With-in factor = Lift Height) 
         
 Source SS df MS F Sig Partial Eta2 
Observed 
Power 
 
Initial Contact 
Angle 156.964 2 78.482 9.705 0.000 0.165 0.980 
 Error 792.516 98 8.087         
           
 
Peak Flexion 
Angle 83.479 2 41.739 4.463 0.014 0.083 0.753 
 Error 916.617 98 9.353         
           
 Excursion 36.546 2 18.273 1.474 0.234 0.029 0.308 
 Error 1214.992 98 12.398         
           
 Rate of Excursion 0.008 2 0.004 4.108 0.019 0.077 0.716 
 Error 0.098 98 0.001         
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Table 4.4   
 
 
Post hoc Paired t-test Summary Table for Forward Hop Task 
 
 
 
         
        95% CI       
  Mean St Dev St Error Lower Upper t df Sig 
Initial Contact 
Angle          
0mm - 12mm -0.463 4.050 0.573 -1.614 0.688 -0.808 49 0.423 
0mm - 24mm -2.364 3.604 0.510 -3.388 -1.340 -4.639 49 0.000 
12mm - 24mm -1.901 4.374 0.619 -3.145 -0.658 -3.074 49 0.003 
           
Peak Flexion 
Angle          
0mm - 12mm -1.118 4.275 0.605 -2.333 0.097 -1.849 49 0.071 
0mm - 24mm -1.811 4.190 0.593 -3.001 -0.620 -3.056 49 0.004 
12mm - 24mm -0.693 4.504 0.637 -1.973 0.587 -1.088 49 0.282 
           
Rate of Excursion          
0mm - 12mm -0.006 0.044 0.006 -0.018 0.007 -0.941 49 0.351 
0mm - 24mm 0.012 0.048 0.007 -0.002 0.026 1.750 49 0.086 
12mm - 24mm 0.018 0.042 0.006 0.006 0.030 2.993 49 0.004 
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Figure 4.1.  Knee angle at initial contact for each lift height condition during the forward 
hop task. *indicates significant increase from 0mm. **indicates significant increase from 
12mm condition.
          
           
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
*  ** 
 72
 
          
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
Figure 4.2.  Rate of knee excursion for each lift height condition during the forward hop 
task. *indicates significant decrease from 12mm. 
 * 
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Figure 4.3.  Knee excursion for each lift height condition during the forward hop task. 
          
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
 74
 
Figure 4.4.  Maximum knee angle for each lift height condition during the forward hop 
task. *indicates significant increase from 0mm. 
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Table 4.5   
 
 
ANOVA Summary Table for Drop-Landing Task 
 
 
 
 
         
 One-way Repeated Measures ANOVA (With-in factor = Lift Height) 
         
 Source SS df MS F Sig Partial Eta2 
Observed 
Power 
 
Initial Contact 
Angle 5.512 2 2.756 0.657 0.521 0.013 0.158 
 Error 410.922 98 4.193         
           
 Peak Flexion Angle 10.735 2 5.367 0.300 0.741 0.006 0.096 
 Error 1752.799 98 17.886         
           
 Excursion 0.854 2 0.427 0.027 0.974 0.001 0.054 
 Error 1578.457 98 16.107         
           
 Rate of Excursion 0.002 2 0.001 1.689 0.190 0.033 0.348 
 Error 0.049 98 0.000         
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Figure 4.5.  Knee angle at initial contact for each lift height condition during drop-
landing task.  
 
          
           
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
 77
 
          
           
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
Figure 4.6.  Knee excursion for each lift height condition during drop-landing task. 
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Figure 4.7.  Rate of excursion for each lift height condition during drop-landing task. 
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Chapter 5 
 
 
Discussion 
 
 
5.1 Introduction 
 The purpose of this study was to determine if varying heel lift heights would alter 
sagittal plane knee kinematics during two different landing tasks. These data 
demonstrated an increase in initial contact and peak flexion angles with the addition of a 
24mm heel lift compared to baseline during a forward hop task.  Furthermore, the rate of 
excursion decreased from the 12 to 24mm lift conditions during this same task. A 12mm 
heel lift did not demonstrate any changes in sagittal plane knee kinematics during the 
forward hop task when compared to baseline.  For the drop-landing task, no changes in 
sagittal plane knee kinematics were observed between conditions. 
 
5.2 Forward Hop 
5.2.1 Initial Contact and Peak Knee Flexion Measures 
 When performing the forward hop task onto a single, dominant limb with 
participants wearing a neutral, non-wedged athletic shoe, mean flexion angle at initial 
contact was 8.8º.  The addition of a 12mm heel lift did not significantly alter initial 
contact angle, only increasing the angle 0.5° to 9.3º.  However, a 24mm heel lift 
increased knee flexion angle at landing by 2.3° to 11.2º, which was greater than both 
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0mm and 12mm conditions.  Similar results were seen with peak knee flexion following 
landing from a forward hop.  At 0mm, mean peak knee flexion angle was 47.0º and while 
this was not different from the 12mm condition it was 1.8° less than the 24mm lift 
condition.  
Our results paralleled studies that have previously evaluated the influence of 
elevated heel height on sagittal plane knee posture in both static and dynamic gait 
situations.42-46  DeLateur et al42 demonstrated that an increase in heel height was 
paralleled by an increase in knee flexion angle in static stance.  Ebbling et al43 
demonstrated this same pattern during the stance phase of the gait cycle.  Subjects’ were 
monitored while walking with shoes of varying heel heights (1.25 cm, 3.81 cm, 5.08 cm, 
and 7.62 cm).  Sagittal plane kinematic measures revealed that knee flexion angles at 
initial contact and peak knee flexion angle increased in parallel with the increased heel 
height.43  Our data also demonstrated that a greater knee flexion angle occurred with 
increased heel height.   The 12mm lift failed to demonstrate a notable increase in this 
measure, while the 24mm lift generated a greater increase in the knee flexion angle.   
The discrepancy between the 12mm and 24mm lift may suggest that a minimum 
threshold exists for the effect of heel height on knee angle.  At initial contact, the change 
in knee angle between 12mm and 24mm conditions was statistically different.  Perhaps a 
minimum of 24mm lift height is necessary to impart a change in knee flexion during a 
forward hop maneuver.  Another consideration is that the minimum threshold lies 
somewhere between 12mm and 24mm.  Ebbling et al43 did not compare their data to a 
neutral (0mm) heel height condition, and no other studies were found that looked at 
comparable heel heights and knee kinematics to those used in this study.  However, Bird 
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et al235 and Traino et al242 demonstrated that a minimum heel height of 20mm was 
necessary to generate any significant changes in EMG activity during static stance and 
gait activities.  
 
5.2.2 Excursion and Rate of Excursion 
Knee excursion values during the forward hop maneuver at baseline averaged 
38.2º.  The addition of 12mm and 24mm heel lifts during the jump failed to alter this 
dependent measure from baseline values (38.9º and 37.7º respectively).  However, we 
defined knee excursion as the change in knee angle from initial contact to peak knee 
flexion. As both of these measures were increased significantly by the 24mm heel lift, it 
stands to reason that these increases may have been proportional to one another, and thus 
no change in excursion would be expected. 
The data did demonstrate that the rate at which knee excursion occurred changed 
significantly as a function of heel lift.  We found a trend toward significance in the 
difference in the rate of excursion at baseline and 24mm where the average rate slowed 
from 206.6º/sec to 194.6º/sec (p=0.08).  No difference in rate of excursion between12mm 
and baseline was found.  However, as was noted at initial contact, a significant change 
was seen between 12mm and 24mm with a 17.8º/sec decrease in the rate of excursion 
from 212.4º/sec to 194.6º/sec.  
Our data demonstrated that an overall lengthening of the time required to achieve 
peak knee flexion occurred despite the total excursion from initial contact remaining the 
same.  In other words, our participants achieved the same amount of knee flexion range-
of-motion over a longer period of time.  For example, peak knee flexion was achieved 
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191.05ms after initial contact at baseline and 200.99ms after initial contact when wearing 
the 24mm heel lift.  No research has been identified that investigated the influence 
elevated heel height has on excursion or rate of excursion at the knee.  It is possible that 
the source of the slower rate of excursion is related to muscle activity, a variable that we 
did not explore in this study.  Edwards et al243 found that EMG activity in the vastus 
medialis and vastus lateralis muscles increased with increasing heel height during sit to 
stand tasks.  Kerrigan et al244 demonstrated prolonged knee flexor torque during the 
stance phase of walking when subjects donned high-heeled shoes.  It is possible that an 
increased level of quadriceps activity could slow the eccentric knee flexion that occurs 
with landing from a jump thus slowing the rate of flexion.  The rate of knee excursion 
may also have been influenced by the kinematic alterations at other joints.  Johanson et 
al239 found that higher heel heights increased ankle dorsiflexion excursion and delayed 
time to heel off during walking tasks.  The authors speculated that at heel contact the 
ankle was positioned in more plantarflexion to achieve the increased excursion.  If this 
was true in our study, then it may be possible that the tibia required more time to progress 
forward over the ankle complex and would alter the mechanical timing at the knee as 
well.  Further research is needed in order to elucidate the factors that directly influenced 
the decreased rate of knee excursion found in our study.  It is important to note that 
numerous studies have discussed the advantages of a decreased rate of excursion on joint 
structures during force application, namely in the reduction of the ground reaction 
forces.30,31    
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5.3 Drop Landing 
5.3.1 Initial Contact and Peak Knee Flexion Measures 
 Our data failed to demonstrate any effect of heel height on knee angle at initial 
contact or peak knee flexion angle while performing a drop-landing task onto a single 
limb.  When landing during the 0mm lift condition our participants demonstrated an 
average knee angle of 4.9º flexion at initial contact.  The average knee flexion angle 
increased to a non-significant 5.3º flexion with the 12mm and 24mm lifts.  At peak knee 
flexion, participants achieved 50.8º at initial contact.  Again, a non-significant increase in 
the average angle occurred with the addition of the 12mm (51.4º) and 24mm (51.3º) lifts.   
 No past research was identified that explored the influence heel height has on 
knee posture when landing from a jump, thus it is difficult to explain why the data from 
the drop-landing maneuver varied so differently from our data from the forward hop.  
One potential factor is the variance in the specific landing techniques between the two 
maneuvers.  Tester observation noted that participants landing from the jump-landing 
task landed with a more accentuated forefoot landing style compared to landing from the 
forward hop.  While, this was only a visual observation, it has been demonstrated in other 
research that subjects landing from a more vertically oriented jump demonstrate a larger 
degree of ankle plantarflexion and utilize a forefoot landing pattern.245-247  DiStefano et 
al247 measured ankle kinematics at initial contact after landing from a jump-landing 
maneuver from a 30cm high box and found the average plantarflexion angle to be 37.8º.  
However, studies utilizing a forward hop maneuver describe that the participants rely 
more on a heel contact style of landing.248-250  While we did not measure ankle kinematics 
during our study, it is possible that the foot and ankle position of our participants at initial 
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contact when performing the drop-landing task was such that the heel lift would not be in 
contact with the ground and thus be unable to alter knee kinematics during landing.  
Additionally, the rate at which knee flexion occurred may have coincided with the 
eccentric dorsiflexion movement at the ankle and the participants could have reached 
peak knee flexion prior to full rearfoot contact, thus not utilizing the heel lift during the 
knee excursion portion of the maneuver.  While DiStefano et al247 did not document 
measures associated with heel contact, the study did reflect measures at initial contact and 
peak joint angle displacement for the knee and ankle when landing.  The data 
demonstrated that the knee achieved peak knee flexion prior to the ankle achieving peak 
dorsiflexion, suggesting that the rate of excursion of the ankle is slower than that of the 
knee despite a smaller magnitude of excursion (80.1º at the knee versus 59.3º at the 
ankle).  It seems possible that the joint kinematics at the ankle when landing from a 
jump-landing maneuver minimize the potential influence of a heel lift on the knee. 
 
5.3.2 Excursion and Rate of Excursion 
 As with the static knee measures of the knee, the data collected for the dynamic 
measures of knee excursion and rate of excursion were not found to be significantly 
changed as a result of the heel lift variables.  However, since no change was seen in the 
knee angle at initial contact or in the peak knee angle, it would follow that no change in 
knee excursion would be seen.  Additionally, if the heel lift failed to influence the knee 
position at different points in time throughout the landing maneuver, then it stands to 
reason that the lift would also have no impact on the rate at which the joint displacement 
occurred.   
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5.4 Clinical Significance/Relevance  
 Our data yielded three dependent measures that produced statistically significant 
results during the forward hop task: knee angle at initial contact, maximum knee flexion 
angle, and rate of excursion.  However, even given the statistical significance, one has to 
question whether these results would be considered clinically important.  In order to 
statistically evaluate clinical significance we chose to analyze the effect size.  Effect size 
can be defined as the magnitude of the variance between the means directly caused by the 
intervention (in our case, lift height).251  The representation of effect size utilized by 
SPSS for an ANOVA is the Eta Squared.  The value falls in a range from zero (0) to one 
(1), where a number closer to one represents a more potent independent variable.  The 
value 0.5 represents a “medium” effect size, and constitutes an intervention that causes 
change that is visible to the eye.249  The effect sizes from our data points found to be 
statistically significant ranged from 0.077 (rate of excursion) to 0.165 (knee angle at 
initial contact), representing a small effect size at best.  Looking directly at the difference 
in the means across lift conditions, it is evident that the magnitude of the changes was 
quite small.  For example, the increase in knee flexion angle at initial contact between the 
0mm and 24mm lift conditions increased by only 2.36º.  Though statistically significant, 
it is unknown whether this change would have a clinically relevant impact.   
Landing with the knee in angles closer to knee extension and achieving peak knee 
displacement over a shortened period of time have been established as a risk factor for 
ACL injury.16-18,30,31  Theoretically, increasing knee flexion (both at initial contact and a 
peak displacement) and slowing the rate of excursion should reduce the impact of these 
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risk factors.  This has been the goal of a number of exercise-based intervention 
programs.21,35,36,38-40  A few have been successful in positively altering such kinematics 
following extensive training.36,38-40 The training; however, typically requires a large time 
and financial commitment.36,38-40  We wanted to examine if an alternative intervention 
strategy, one requiring less aggressive changes to an individual’s typical daily regimen, 
would have similar results in altering knee kinematics.  Obviously, our study did not 
directly research sagittal plane knee kinematics as related to the strain on the ACL or the 
risk for injury.  However, similar to the exercise-intervention studies,36,38-40 we were able 
to demonstrate that the addition of a heel lift to athletic shoe wear increased knee flexion 
at initial contact and at peak displacement while also slowing the rate of excursion 
following a forward hop maneuver.  We are not able to comment on whether the 
magnitude of this change was enough to alter the level of risk associated with ACL strain 
in our subjects.  Additional research is necessary to elucidate the clinical impact our lift 
intervention truly has on the female athletic population.     
 
5.5 Limitations 
5.5.1 Discrepancies from other literature 
 The baseline measures for both landing maneuvers in our study seemed to yield 
much smaller values for knee angle at initial contact and peak knee flexion as compared 
to other studies that utilized similar techniques.  For example, Schmitz et al252 had 
participants perform a unilateral jump-landing similar to our study.  However, the mean 
knee angle at initial contact was found to be 42.5º compared to 5.0º in our study.  Pappas 
et al237 also utilized a jump-landing maneuver from a 40cm platform and recorded initial 
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contact knee angles at 15.1º.  We did identify one study that had similar results for initial 
contact knee angle to our research.  Huston et al253 measured initial contact knee angle 
following a 60cm jump-landing to be 7º, with similar results from a 40cm platform.   
 The obvious discrepancy in knee angle measures throughout the literature 
utilizing similar landing techniques suggests that there is an underlying inconsistency in 
the specific techniques and/or instrumentation used in these studies.  Unilateral versus 
bilateral lower extremity landing is one example.  Pappas et al237 compared bilateral and 
unilateral landing from a 40cm platform and found a significant increase in knee angle at 
initial contact with the bilateral landing condition.  Another discrepancy is the take-off 
phase of the maneuver.  Schmitz et al252 instructed their subjects to “jump down” from 
the platform, while Pappas et al237 told their participants to “drop directly down”.  Our 
subjects were told to “fall forward” onto the force plate.  The different instruction 
terminology may effect the peak height from which the subjects are landing and the pre-
landing lower extremity activity or preparation.  Additionally, different instrumentation 
may influence the data collected during similar landing tasks.  Pappas et al237 measured 
kinematic data with eight Eagle cameras (Motion Analysis Corp., Santa Rosa, CA), 
Schmitz et al252 used the Motion Monitor (Innovative Sports Training, Chicago, IL, USA) 
electromagnetic tracking system, and our current study used an electrogoniometer to 
measure knee kinematics.  No differences in results were found between athletes and 
non-athletic active individuals in our study, and thus we do not feel that activity level was 
a factor that set our data apart from other studies. 
 While our results for knee kinematic measures during landing were less than a 
number of studies that involved similar tasks, the mean values are not unique.  The 
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specific reason behind such discrepancies in the data cannot be identified.  However, our 
data should not be discounted.  It is imperative to analyze data within the context of the 
specific tasks defined within a study’s methods.  Researchers should be cautious when 
comparing their data to other research due to the diversity of techniques and data 
collection methods among these studies. 
 
5.5.2 Limited data sources 
 Our study only investigated the influence a heel lift has on sagittal plane knee 
kinematics during landing tasks in females.  This limited the conclusions we could draw 
from our data to that of knee flexion-extension range-of-motion characteristics.  We were 
not able to comment on any potential influence how a heel lift might impart on coronal or 
transverse plane kinematics at the knee.  Also, we did not record EMG data on the 
musculature around the knee, and thus do not know how this was effected by the addition 
of a heel lift during the landing maneuvers.  Research has demonstrated that a strong 
association exists between extended knee posture at initial contact, limited knee 
excursion, and faster rates of excursion at the knee and the potential risk factors for ACL 
injury in female athletes.16-18,30,31  Thus, we felt that collecting sagittal plane goniometric 
measures at the knee was well justified in the literature.  However, we acknowledge that 
other data sources should also be explored. 
 We chose to limit our data to sagittal plane knee kinematics in order to enhance 
the power of the study given a limited pool of potential subject volunteers.  Our exclusion 
criteria required that we only recruit active college-age females with no past history of 
ACL injury, no current lower extremity injuries, and do not use shoe orthotics.  Subjects 
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who met these selection criteria were the best examples of individuals who may benefit 
from our intervention in real-life scenarios, but also did not exhibit characteristics that 
would confound our data.  Given the high rate of ACL injury10,16 and the regular use of 
shoe orthotics among active individuals,254 we anticipated having to recruit a smaller 
subject population.  Concessions on our sources of data were made in order to limit the 
potential for error and generate a rigorous and powerful study.  As our intervention is 
unique to current ACL research we feel that future, independent studies are needed to 
investigate the influence heel lifts may have on data sources beyond what we measured in 
our study. 
 
5.5.3 External Validity 
 Our study was conducted in a controlled environment within a laboratory.  The 
landing activities that we utilized were performed without distraction from a static 
position.  Therefore, we cannot speculate on how a heel lift would influence sagittal plane 
knee kinematics during a similar task performed during a real-time sporting event.  
However, as is the nature of clinical research, we felt that it was appropriate to conduct a 
controlled laboratory trial before a field study.  Further controlled research is needed to 
determine if heel lifts are effective enough to warrant research in more “real-life” 
scenarios. 
 Another limitation of our study was that we were unable to predict any potential 
negative effects from utilizing an altered heel lift height in athletic shoe wear.  As this 
intervention has not been investigated for landing tasks previous to our study, we have no 
data suggesting whether an elevated heel could have a negative impact on performance, 
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joint integrity, or the overall safety of the individual.  Again, future research and 
longitudinal studies would be necessary to discover if any problems would arise from the 
use of heel lifts. 
 We must also consider whether elevated heel heights would be accepted and 
tolerated by athletes during sports activities.  If a 24mm heel lift is uncomfortable or has 
a perceived negative impact on an athlete’s performance, then it stands to reason that it 
would not be a useful tool despite any outside benefits.  As a means to preliminarily 
determine how individuals would respond to the use of heel lifts during sporting activities 
we asked our study participants three questions that addressed the perceived effect that 
each heel height had on performance, comfort, and feeling of stability: 
1. “Do you think you could wear a lift similar to this condition during your sport 
or exercise activity without a negative impact on performance?”  The response 
was “yes” or “no”. 
2. “Rate your level of comfort while performing [specific task] with this heel lift 
condition.”  The response was “0” for uncomfortable, “1” for neither 
comfortable nor uncomfortable; or “2” for comfortable. 
3. “Rate your feeling of stability while performing [specific task] with this heel 
lift condition.”  The response was “0” for unstable; “1” for neither stable nor 
unstable; “2” for stable.   
The responses to question one revealed that 48 out of 50 subjects thought they could wear 
the athletic shoe and no lift without a negative impact on performance of sports or 
exercise activities.  Forty-three of 50 subjects for the 12mm lift and 28 of 50 for the 
24mm lift also felt there would not be a negative impact on performance.  Most of the 
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individuals answering “no” to the 24mm lift were non-athletes (17 of 22).  69% of the 
NCAA athletes who participated felt that they could wear the 24mm lift without a 
negative impact on their performance.  For question 2 when wearing the 24mm lift, 27 of 
50 participants felt comfortable and only nine felt uncomfortable when landing from a 
drop-landing, while 27 of 50 felt comfortable and only five felt uncomfortable during the 
forward hop task.  For question 3 when wearing the 24mm lift, 28 subjects felt stable and 
seven felt unstable during the drop-landing, while 26 felt stable and five felt unstable 
during the forward hop task.  Please refer to Appendix Table A1.4 for a complete list of 
answers given for each subject.  The responses to these questions were meant to advise 
the investigators as to whether the heel lifts were perceived to be feasible tools to use 
during landing tasks.  The responses seem to suggest a potential for many individuals to 
don heel lifts up to 24mm and perform sports activities at a similar level without 
discomfort or instability.  More rigorous exploration into this matter is necessary and the 
positive responses that we gathered support further research. 
 
5.6 Future research 
 The heel lift intervention investigated in this study is new and unique to ACL 
injury prevention research.  The information gathered promoted new insight into the 
potential for less cumbersome methods to address ACL injury risk factors in female 
athletes than have been previously explored.  Additional research questions based on our 
current findings have been generated and warrant consideration. 
 One of the reasons that ACL injury prevention has met with so much difficulty is 
that the exact mechanism and risk factors associated with the injury have not been clearly 
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defined.  Sagittal plane knee kinematics have been widely expressed as one major 
category connected with ACL injury.16-23  However, coronal and transverse plane 
kinematics at the knee, most specifically valgus collapse, have also been touted as 
potential high risk movements for athletes.17,33,88,100-104  It seems appropriate to explore 
whether heel lifts have any influence on knee mechanics in all planes of motion available 
at the knee.  Furthermore, our study did not fully investigate the biomechanical nature of 
the knee in the sagittal plane.  The influence that a heel lift may impart on measures such 
as muscle recruitment and torque generation should also be investigated. 
 Another question raised during the present study was whether there is a minimum 
heel lift height needed to impart any biomechanical changes at the knee.  We found that a 
12mm heel lift did not alter sagittal plane knee kinematics during either task.  However, it 
is possible that a lift height between 12mm and 24mm would have significant influence 
on such measures.  Also important to consider is the mechanism of the sport maneuver 
itself.  We had discussed that a vertical jump-landing style task is most often performed 
with a forefoot landing,245-247 while a forward hop task appears to utilize an earlier heel 
contact method of landing.248-250  Our research demonstrated that the heel lift has more 
influence in the forward hop task, perhaps due to the earlier heel contact.  It would be 
reasonable to investigate other sport-related maneuvers to understand if the heel lift 
would have any impact in knee biomechanics during non-jump tasks, such as cutting and 
pivoting.  Again, tasks that require more or earlier heel contact may be more readily 
affected by a heel lift.   
 If future studies do reveal that heel lifts have a substantial role in altering lower 
extremity biomechanics, and possible minimizing potential risk factors for injury, it 
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would behoove researchers to then look more directly at the potential influence on the 
ACL.  Longitudinal field studies tracking injury rates of athletes with and without heel 
lift interventions would further answer the question of whether heel lifts worn during 
athletic events would decrease ACL injuries.  However, a great deal more research is 
needed on the more basic level before we can begin to consider if heel lifts would be a 
solution to the ACL injury epidemic among female athletes. 
 
5.7 Conclusions 
1. The addition of a 24mm heel lift alters sagittal plane knee kinematics, specifically 
knee angle at initial contact, peak knee flexion angle, and rate of excursion, when 
performing a forward hop task.  However, a 12mm heel lift failed to impart any 
significant changes in these measures during the same task. 
2. When performing a drop-landing task, the addition of either a 12mm or 24mm 
heel lift did not alter sagittal plane knee kinematics. 
3. Further research is need to understand the potential that various heel lift heights 
may have on knee biomechanics in all planes of motion, on joints other than the 
knee, and during sport-related maneuvers other than those explored in this study. 
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APPENDIX 
 
Table A1.1  
 
 
Demographic Data 
(Ht-height, Wt-weight, Dom-dominance) 
 
Subject Age Ht (cm) Wt (kg) 
Leg 
dom 
Shoe 
size  
1 20 50.80 23.04 R 7.5 
2 21 53.34 24.20 L 7 
3 23 58.42 26.50 R 10 
4 19 48.26 21.89 R 7 
5 20 50.80 23.04 R 7.5 
6 21 53.34 24.20 R 8.5 
7 20 50.80 23.04 R 7 
8 21 53.34 24.20 R 7 
9 23 58.42 26.50 R 9.5 
10 20 50.80 23.04 R 7 
11 22 55.88 25.35 R 7.5 
12 22 55.88 25.35 R 8 
13 20 50.80 23.04 R 8.5 
14 20 50.80 23.04 R 7 
15 21 53.34 24.20 R 8.5 
16 22 55.88 25.35 R 7 
17 20 50.80 23.04 R 7 
18 18 45.72 20.74 L 7.5 
19 23 58.42 26.50 R 8.5 
20 22 55.88 25.35 R 8 
21 23 58.42 26.50 R 8.5 
22 25 63.50 28.80 R 7 
23 19 48.26 21.89 R 8 
24 19 48.26 21.89 R 7 
25 19 48.26 21.89 R 8.5 
26 20 50.80 23.04 R 10 
27 20 50.80 23.04 R 7 
28 18 45.72 20.74 R 7 
29 18 45.72 20.74 R 8.5 
30 18 45.72 20.74 R 7 
31 19 48.26 21.89 R 8 
32 21 53.34 24.20 R 7.5 
33 21 53.34 24.20 R 7 
34 21 53.34 24.20 R 8.5 
35 18 45.72 20.74 R 7.5 
36 22 55.88 25.35 R 8.5 
37 21 53.34 24.20 R 9.5 
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Table A1.1 (continued) 
 
Subject Age Ht (cm) Wt (kg) Leg dom Shoe size 
38 21 53.34 24.20 R 7.5 
39 20 50.80 23.04 L 8 
40 19 48.26 21.89 L 7 
41 20 50.80 23.04 R 7 
42 21 53.34 24.20 R 8.5 
43 20 50.80 23.04 R 8.5 
44 22 55.88 25.35 R 8 
45 20 50.80 23.04 L 7.5 
46 21 53.34 24.20 L 8 
47 21 53.34 24.20 R 8 
48 20 50.80 23.04 R 7 
49 21 53.34 24.20 R 7 
50 23 58.42 26.50 R 7.5 
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Table A1.2 
 
 
Raw Data for Forward Hop  
(IC- initial contact, Flex-flexion, Rate-rate of excursion) 
 
 
  0mm lift   0mm lift 
Subject IC Peak flex Excursion Rate Subject IC Peak flex Excursion Rate 
1 13.66 45.84 32.18 0.13 26 3.18 40.28 37.09 0.2 
2 11.09 44 32.91 0.29 27 11.58 42.9 31.31 0.25 
3 13.72 36.95 23.23 0.17 28 9.29 50.11 40.82 0.16 
4 12.77 46.08 33.31 0.17 29 3.71 42.22 38.51 0.17 
5 18.12 58.57 40.44 0.16 30 2.81 43.29 40.48 0.18 
6 -0.77 46.57 47.34 0.21 31 2.21 26.49 24.28 0.17 
7 3.12 37.44 34.32 0.16 32 13.16 69.25 56.08 0.24 
8 2.47 40.09 37.61 0.29 33 5.37 47.55 42.18 0.19 
9 18.29 55.29 37 0.15 34 4.04 50.13 46.09 0.38 
10 13.47 57.79 44.32 0.2 35 14.45 35.49 21.04 0.13 
11 8.9 45.73 36.83 0.2 36 10.58 50.07 39.5 0.16 
12 7.29 48.95 41.66 0.23 37 7.07 39.99 32.92 0.13 
13 8.98 39.27 30.29 0.24 38 9.83 50.37 40.54 0.19 
14 16.28 53.52 37.24 0.22 39 6.91 48.61 41.7 0.2 
15 13.06 50.92 37.86 0.15 40 -9.66 27.24 36.9 0.23 
16 2.69 51.67 48.98 0.2 41 -2.54 47.22 49.76 0.31 
17 7.24 52.91 45.67 0.23 42 11 39.57 28.57 0.18 
18 20.54 45.38 24.84 0.13 43 8.09 35.06 26.97 0.19 
19 14.42 83.66 69.23 0.28 44 1.18 55.12 53.94 0.22 
20 8.52 42.67 34.15 0.25 45 15.72 45.64 29.92 0.24 
21 16.21 58.79 42.57 0.18 46 8.32 37.27 28.96 0.17 
22 18.49 42.12 23.63 0.2 47 12.12 59.67 47.56 0.21 
23 6.33 59.17 52.84 0.21 48 -3.88 26.42 30.29 0.31 
24 6.53 68.84 62.32 0.25 49 1.7 33.7 32 0.26 
25 13.56 39.43 25.87 0.17 50 18.82 54.96 36.13 0.19 
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Table A1.2 (continued) 
 
 
  12mm lift   12mm lift 
Subject IC Peak flex Excursion Rate Subject IC Peak flex Excursion Rate 
1 17.25 40.74 23.49 0.09 26 6.04 41.44 35.4 0.18 
2 14.21 46.3 32.09 0.18 27 14.29 45.34 31.05 0.28 
3 14.31 36.08 21.77 0.16 28 5.52 47.12 41.59 0.17 
4 7.91 38.06 30.15 0.15 29 2.34 43.3 40.95 0.19 
5 16.71 53.08 36.37 0.16 30 3.46 43.17 39.7 0.18 
6 -4.68 48.13 52.81 0.24 31 2.61 31.61 29 0.21 
7 9.45 44.38 34.93 0.17 32 15.23 75.74 60.51 0.25 
8 -0.49 39.59 40.08 0.31 33 2.42 49.83 47.41 0.19 
9 8.27 55.25 46.98 0.19 34 7.05 53.28 46.23 0.25 
10 9.37 49.32 39.95 0.2 35 15 35.92 20.92 0.11 
11 8.59 47.98 39.39 0.22 36 12.63 57.36 44.73 0.18 
12 12.63 49.91 37.28 0.21 37 18.24 49.55 31.3 0.13 
13 7.4 42.06 34.66 0.27 38 11.16 49.49 38.33 0.2 
14 12.41 50.75 38.35 0.22 39 10.17 51.83 41.67 0.19 
15 5.14 61.72 56.58 0.23 40 3.55 38.75 35.2 0.2 
16 6.76 53.57 46.81 0.19 41 0.12 50.55 50.43 0.25 
17 6.56 56.55 49.99 0.21 42 8.79 41.91 33.12 0.29 
18 18 44.6 26.6 0.15 43 5.6 32.09 26.49 0.2 
19 16.02 77.48 61.46 0.25 44 5.29 57.52 52.23 0.21 
20 11.76 41.57 29.81 0.22 45 18.48 50.29 31.81 0.33 
21 16.3 63.03 46.73 0.19 46 7.19 36.89 29.7 0.25 
22 17.33 42.63 25.29 0.19 47 11.7 60.38 48.68 0.22 
23 4.03 57.58 53.55 0.22 48 -0.83 31.52 32.35 0.33 
24 8.52 68.09 59.57 0.24 49 3.05 35.09 32.04 0.29 
25 11.92 36.21 24.28 0.18 50 18.39 51.53 33.14 0.3 
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Table A1.2 (continued) 
 
 
  24mm lift   24mm lift 
Subject IC Peak flex Excursion Rate Subject IC Peak flex Excursion Rate 
1 20.09 42.99 22.9 0.09 26 5.68 40.28 34.6 0.28 
2 13.49 46.36 32.87 0.16 27 15.45 51.62 36.17 0.18 
3 16.51 36.2 19.68 0.1 28 10.49 54.58 44.1 0.18 
4 12.23 49.95 37.72 0.16 29 3.15 41.58 38.43 0.18 
5 18.81 55.31 36.5 0.15 30 5.03 42.4 37.37 0.17 
6 -4.85 47.91 52.76 0.24 31 1.74 28.99 27.25 0.2 
7 10.59 47.01 36.42 0.17 32 11.64 61.4 49.76 0.22 
8 3.69 46.1 42.41 0.34 33 1.09 54.04 52.95 0.21 
9 26.49 58.85 32.36 0.13 34 7.17 50.3 43.13 0.23 
10 13.49 55.63 42.14 0.21 35 13.15 39.45 26.31 0.11 
11 10.38 46.38 36 0.19 36 12.04 58.05 46.01 0.18 
12 9.33 51.5 42.18 0.18 37 11.46 44.38 32.92 0.13 
13 14.63 37.22 22.59 0.13 38 13.46 46.96 33.49 0.19 
14 22.12 59.4 37.29 0.18 39 8.84 54.87 46.03 0.18 
15 14.76 56.57 41.81 0.17 40 -1.58 35.69 37.27 0.24 
16 10.77 54.34 43.57 0.17 41 1.78 53.89 52.11 0.22 
17 8.42 60.22 51.8 0.21 42 10.32 41.38 31.06 0.18 
18 24.31 45.29 20.98 0.12 43 13.66 38.68 25.02 0.21 
19 17.43 73.06 55.62 0.22 44 6.44 52.1 45.66 0.18 
20 13.09 42.62 29.52 0.22 45 21.34 47.06 25.72 0.24 
21 14.65 58.42 43.78 0.18 46 9.93 37.76 27.83 0.15 
22 17.71 44.43 26.72 0.22 47 13.25 60.8 47.55 0.22 
23 1.23 62.88 61.64 0.25 48 -1.76 27.57 29.33 0.31 
24 21.42 69.5 48.08 0.19 49 2.07 40.43 38.36 0.33 
25 13.14 35.74 22.6 0.13 50 18.47 52.67 34.2 0.3 
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Table A1.3 
 
 
Raw data for Drop-Landing 
(IC- initial contact, Flex-flexion, Rate-rate of excursion) 
 
 
  0mm lift   0mm lift 
Subject IC Peak flex Excusion Rate Subject IC Peak flex Excusion Rate 
1 21.07 44.74 23.67 0.15 26 3.17 49.01 45.84 0.21 
2 12.48 47.8 35.32 0.15 27 6.92 43.8 36.88 0.28 
3 10.42 45.49 35.07 0.2 28 6 59.72 53.72 0.21 
4 11.65 48.78 37.12 0.17 29 -2.7 47.69 50.39 0.22 
5 5.82 65.6 59.77 0.24 30 5.1 47.31 42.21 0.17 
6 1.7 50.46 48.76 0.22 31 -1.27 32.52 33.79 0.16 
7 -7.32 51.57 58.89 0.25 32 6.16 69.5 63.34 0.3 
8 -4.86 40.01 44.87 0.35 33 -2.5 47.93 50.43 0.21 
9 7.5 69.03 61.53 0.25 34 4.46 49.52 45.06 0.33 
10 0.33 61.52 61.19 0.25 35 11.52 43.71 32.19 0.14 
11 3.96 52.26 48.29 0.24 36 8.33 54.18 45.85 0.23 
12 2.33 50.5 48.18 0.23 37 5.94 44.01 38.07 0.18 
13 2.98 42.6 39.63 0.28 38 5.77 60.91 55.14 0.22 
14 1.6 42.84 41.24 0.29 39 11.85 70.21 58.36 0.24 
15 3.36 63.96 60.6 0.27 40 -7.87 36.73 44.6 0.25 
16 0.97 58.6 57.64 0.23 41 -1.04 53.87 54.91 0.27 
17 3.09 57.47 54.38 0.26 42 8.25 47.36 39.11 0.22 
18 15.91 44.63 28.72 0.15 43 2.37 38.84 36.47 0.27 
19 12.45 75.49 63.04 0.25 44 0.2 53.3 53.09 0.21 
20 8 42.8 34.8 0.24 45 12.33 51.64 39.31 0.31 
21 9.66 56.74 47.08 0.21 46 10.35 42.12 31.77 0.21 
22 5.11 37.78 32.67 0.2 47 9.14 58.3 49.16 0.24 
23 1.39 50.96 49.57 0.2 48 -8.8 31.92 40.72 0.38 
24 9.31 74.81 65.5 0.26 49 4.08 36.93 32.86 0.19 
25 5.26 42.35 37.09 0.26 50 4.41 49.33 44.92 0.42 
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Table A1.3 (continued) 
 
 
  12mm lift   12mm lift 
Subject IC Peak flex Excusion Rate Subject IC Peak flex Excusion Rate 
1 8.53 51.2 42.68 0.17 26 2.44 47.87 45.43 0.21 
2 11.52 49.04 37.52 0.18 27 7.71 48.6 40.89 0.19 
3 7.81 41.42 33.6 0.19 28 5.75 49.59 43.83 0.24 
4 6.13 38.67 32.54 0.17 29 -3.22 49.16 52.38 0.23 
5 5.87 64.48 58.61 0.23 30 4.54 43.04 38.5 0.16 
6 1.6 53.14 51.55 0.21 31 2.19 35.23 33.04 0.17 
7 2.45 56.15 53.69 0.26 32 7.06 72.98 65.92 0.26 
8 -2.76 40.02 42.78 0.32 33 -3.06 48.58 51.64 0.21 
9 8.87 70.22 61.35 0.25 34 6.78 53.54 46.76 0.35 
10 3.88 48.52 44.64 0.2 35 11 41.41 30.41 0.13 
11 4.31 55.61 51.3 0.26 36 9.16 59.77 50.61 0.2 
12 5.06 52.76 47.7 0.24 37 9.9 48.95 39.05 0.19 
13 1.81 47.61 45.8 0.23 38 7.73 61.21 53.47 0.21 
14 4.4 47.69 43.29 0.23 39 10.53 68.74 58.21 0.26 
15 2.2 55.59 53.4 0.26 40 1.14 48.9 47.77 0.22 
16 0.37 57.23 56.86 0.23 41 -1.02 56.1 57.12 0.23 
17 2.93 61.78 58.85 0.24 42 10.77 49.69 38.92 0.22 
18 14.42 45.76 31.34 0.17 43 3.81 39.43 35.62 0.26 
19 11.97 72.34 60.37 0.24 44 0.42 55.81 55.39 0.22 
20 5.91 42.87 36.96 0.26 45 13.43 50.93 37.5 0.17 
21 8.68 57.09 48.41 0.23 46 9.7 37.72 28.02 0.2 
22 3.23 41.9 38.67 0.26 47 7.48 59.37 51.89 0.23 
23 4.37 58.22 53.85 0.22 48 -5.06 35.28 40.35 0.41 
24 13.57 71.2 57.62 0.23 49 3.16 37.5 34.33 0.18 
25 4.4 42.03 37.63 0.28 50 3.44 46.17 42.73 0.4 
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Table A1.3 (continued) 
 
 
  24   24 
Subject IC Peak flex Excusion Rate Subject IC Peak flex Excusion Rate 
1 11.93 48.16 36.23 0.16 26 2.79 49.19 46.4 0.2 
2 12.4 52.5 40.1 0.2 27 9.95 54.52 44.57 0.21 
3 8.48 41.4 32.92 0.19 28 10.09 53.32 43.23 0.17 
4 9.93 53.55 43.62 0.19 29 -1.02 48.1 49.12 0.23 
5 4.6 63.14 58.53 0.23 30 2.44 39.92 37.47 0.15 
6 0.18 51.6 51.42 0.21 31 1.26 37.06 35.8 0.18 
7 0.17 59.58 59.41 0.25 32 7.32 56.45 49.13 0.24 
8 -0.8 45.39 46.19 0.38 33 -2.07 53.37 55.44 0.22 
9 11.28 69.09 57.82 0.23 34 5.34 51.42 46.08 0.37 
10 3.06 62.72 59.66 0.24 35 11.97 47.72 35.74 0.15 
11 3.98 56.49 52.51 0.26 36 6.59 63.66 57.07 0.23 
12 5.81 55.66 49.85 0.25 37 8 47.56 39.56 0.16 
13 5.77 43.84 38.07 0.29 38 9.24 58.26 49.02 0.2 
14 1.36 47.24 45.88 0.25 39 12.49 74.28 61.79 0.25 
15 5.1 67.45 62.35 0.25 40 -1.45 44.76 46.21 0.23 
16 5.44 57.97 52.53 0.21 41 -0.43 53.62 54.05 0.22 
17 5.18 62.25 57.07 0.23 42 7.3 48.83 41.53 0.24 
18 13.55 44.21 30.66 0.17 43 5.89 40.78 34.89 0.29 
19 10.33 69.05 58.71 0.23 44 -0.23 54.15 54.37 0.22 
20 4.11 44.71 40.59 0.28 45 13.95 49.86 35.91 0.17 
21 7.95 53.38 45.43 0.23 46 11.05 39.8 28.74 0.18 
22 1.73 36.75 35.01 0.23 47 5.22 58.18 52.95 0.25 
23 1.91 51.86 49.94 0.2 48 -7.57 31.46 39.03 0.38 
24 5.26 42.35 37.09 0.26 49 1.86 42 40.14 0.2 
25 4.54 44.06 39.52 0.18 50 2.74 44.23 41.49 0.38 
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Table A1.4 
 
 
Responses to qualitative questions  
(Y-yes, N-no, D-L-drop landing, FH-forward hop) 
 
Subject Lift Question 1 Question 2 Question 3 
    Y N D-L FH D-L FH 
1 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   2 2 1 1 
2 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 
  X 2 2 2 2 
3 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 
  X 1 1 2 2 
4 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 
  X 2 2 1 1 
5 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 
  X 1 1 0 0 
6 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   2 2 2 2 
7 
0 X   1 1 1 1 
12 X   2 0 2 2 
24 X   2 2 2 2 
8 
0 X   2 2 2 2 
12 X   2 2 2 1 
24 X   2 2 2 1 
9 
0 X   2 2 2 2 
12 X   1 1 2 1 
24 
  X 1 1 0 0 
10 
0 X   2 2 2 2 
12 X   2 2 1 1 
24 
  X 1 2 2 1 
11 
0 X   1 1 2 2 
12 X   1 1 2 1 
24 X   1 1 2 1 
12 
0 X   2 2 1 1 
12 X   1 1 2 2 
24 X   2 2 0 1 
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Table A1.4 (continued) 
 
 
Subject Lift Question 1 Question 2 Question 3 
    Y N D-L FH D-L FH 
13 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   2 1 1 0 
14 
0 X   2 2 2 2 
12 X   2 1 2 0 
24 X   0 1 2 2 
15 
0 X   2 2 2 2 
12 X   1 1 2 2 
24 
  X 0 1 0 1 
16 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   2 2 2 2 
17 
0 X   1 1 1 2 
12 
  X 1 1 0 1 
24 
  X 0 0 0 0 
18 
0 X   2 2 2 2 
12 X   2 2 2 1 
24 
  X 0 1 1 1 
19 
0 X   2 2 1 1 
12 X   2 2 2 2 
24 X   2 2 2 2 
20 
0 X   2 2 2 2 
12 
  X 2 1 2 1 
24 
  X 0 0 1 1 
21 
0 X   2 2 2 2 
12 
  X 2 2 1 2 
24 X   1 1 1 1 
22 
0 X   2 0 2 2 
12 X   1 1 2 1 
24 
  X 1 0 2 2 
23 
0 X   1 1 1 1 
12 X   1 1 1 1 
24 X   0 0 1 1 
24 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   2 2 2 2 
25 
0 X   2 2 2 2 
12 
  X 1 1 1 2 
24 
  X 0 1 0 1 
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Table A1.4 (continued) 
 
 
Subject Lift Question 1 Question 2 Question 3 
    Y N D-L FH D-L FH 
26 
0 
  X 1 2 2 1 
12 X   2 2 2 2 
24 X   2 1 2 2 
27 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 
  X 1 1 1 1 
28 
0 X   0 0 0 0 
12 X   1 2 2 2 
24 
  X 2 2 1 1 
29 
0 X   1 1 1 1 
12 X   2 2 2 2 
24 X   2 2 2 2 
30 
0 
  X 0 1 2 1 
12 
  X 1 2 1 2 
24 
  X 2 2 2 2 
31 
0 X   1 2 2 2 
12 X   1 2 1 2 
24 X   2 2 2 2 
32 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   1 1 2 2 
33 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   2 2 2 2 
34 
0 X   2 2 2 2 
12 X   2 2 2 1 
24 X   2 2 2 2 
35 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   2 2 1 2 
36 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 
  X 1 1 1 0 
37 
0 X   2 2 2 2 
12 X   2 2 2 1 
24 X   2 2 2 2 
38 
0 X   2 2 2 1 
12 X   2 1 2 2 
24 X   1 2 2 2 
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Table A1.4 (continued) 
 
 
Subject Lift Question 1 Question 2 Question 3 
    Y N D-L FH D-L FH 
39 
0 X   1 1 2 2 
12 X   1 2 2 2 
24 
  X 0 2 0 2 
40 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   1 1 2 2 
41 
0 X   2 2 2 2 
12 X   1 2 1 2 
24 
  X 1 1 1 1 
42 
0 X   2 2 2 2 
12 
  X 2 2 2 2 
24 
  X 2 2 1 2 
43 
0 X   1 1 1 1 
12 X   2 2 1 2 
24 X   2 1 2 1 
44 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   2 2 2 2 
45 
0 X   0 0 1 1 
12 X   2 1 2 2 
24 X   1 2 1 2 
46 
0 X   1 2 1 2 
12 X   2 2 1 2 
24 X   2 2 2 2 
47 
0 X   1 1 2 2 
12 
  X 2 2 2 2 
24 
  X 0 0 1 1 
48 
0 X   2 2 2 2 
12 X   2 2 2 1 
24 
  X 2 2 2 1 
49 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 X   2 1 2 1 
50 
0 X   2 2 2 2 
12 X   2 2 2 2 
24 
  X 2 2 2 2 
 
 
 
